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1. OUTLINE OF THE REVIEW

The evergrowing impact of the chemical industry on the technology of food

production and processing has led to the accidental or deliberate addition of new
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chemicals to a variety of foods. There has been increasing concern lest the health

of the consumers be in some, as yet unrecognised, way affected by these foreign

chemicals. The possibility of chronic toxic effects arising from contact with chemi-

cals has long been a problem of industrial hygiene. Those responsible for the

health of either the general population or the groups of industrial employees

exposed to chemicals have to decide what, if any, would be the largest quantity

that could be absorbed with safety for a more or less indefinite period.

In industrial situations it may be possible to decide what is a safe or permissible

degree of exposure on the basis of past experience and observations on the

health qf those who have been exposed. In the absence of such previous experi-

ence, those charged with the responsibility for the public health turn with in-

creasing frequency to the experimental biologist for his opinion as to the likeli-

hood of a certain chemical producing injury if absorbed in quantities not overtly

toxic over long periods. It is obvious that absolute proof of the safety of a chemi-

cal for man will not be demonstrated by experiments on animals, but equally

it is clear that some observations on animals must be made. It is the purpose of

this review to examine critically the experimental methods that are used in this

difficult type of work. Importance is often attached to the so-called “long-term

toxicity test.” Such tests for chronic toxicity are usually designed in order (a) to

ascertain the dose that may be absorbed over long periods (3�-2 years) without

producing the signs of intoxication characteristic for the same compound when

given in larger amounts, (b) to exclude the possibility that these subtoxic

amounts will produce some hitherto unsuspected reaction in the experimental

animal.

There is a growing tendency to rely upon this general type of “toxicity test”

as evidence of the harmlessness of a new chemical. It may appear to allow a

decision to be made that might better have been based on a fuller knowledge

of the metabolism of the compound. This tendency to use “chronic toxicity

tests” may lead to the suggestion that the type of test should be standardised.

An initial review of some of the methods used or recommended for this type of

work seems to be needed. No similar review has been found though there have

been occasional doubts expressed about the wisdom of this type of experimental

approach to a biological problem of extreme complexity. All the papers describing

chronic toxicity tests have not been examined but a selection has been scrutinised

with some care. Comment and criticism have been made in the hope that better

experimental methods may eventually be evolved.

The proposals made by others for the form which such toxicity tests should

take have been reviewed. Some are criticised on the general grounds of their

practicability.

A more detailed examination of the experiments that have actually been

carried out and reported has then been made. A number of factors that are, or

should be, taken into account have been discussed and their relative importance

in assessing the results of such experiments considered. The value or validity of

some of the criteria of toxicity have been criticised. Consideration is given to the

statistical significance of the results of the typical test of this kind.
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The problem of interpreting the results of these experiments and applying the

findings to the situation as it affects man is discussed. The conclusion reached is

that the conventional type of toxicity test is an unsatisfactory approach to this

problem. It is often an attempt to prove a negative, and very large numbers of

animals should be used to make any such results statistically significant even for

the species investigated.

This suggests that a different experimental approach be made to the study of

chronic toxicity.

2. THEORETICAL CONSIDERATIONS

2.1 . Desiderata for the Ideal Test for Chronic Toxicity

An acute toxicity test is normally designed to discover the dose needed to

kill 50 per cent of animals or to produce an effect which is simple to measure

quantitatively, or which is often recorded as simply positive or negative. For

example, the effects of sex, species and age, the value of antidotes and prophy-

lactic agents, the influence of diet, environmental temperature and route of

administration may all be determined in a series of tests and the effective doses

under each condition compared. This subject has recently been reviewed (118).

There are a number of long-term toxicity tests which are designed with similar

specific objectives such as tests for carcinogenicity or tests for the effect of vita-

min or mineral deficiencies and similar nutritional tests. The chronic effects of a

compound may be assessed by making a specific measurement. The effect of

feeding a compound suspected of having an action similar to that of thiourea

may be measured by studying the weight of the thyroid. The effects of certain

organo-phosphorus compounds can be related to changes in the activity of the

cholinesterase in the blood and tissues of the animal ingesting them. This type

of test is similar to the acute test except that the complication of the long time

interval restricts the ease with which tests under different conditions can be

carried out.

The experiments to be considered here rarely include any specific objective

measurement of the effect of the material under test. The usual object is to find

a “safe” or “harmless” dose that may be fed to animals over long periods. The

measurement of non-specific effects is bound to be much less informative than

that of specific reactions related to the biological behaviour of a compound.

Although the evaluation of a response must be less precise, the object of these

tests is often more comprehensive.

Almost anything will prove harmless if given in small enough quantities, but

it is not always easy to define “small” quantities. Immediately an attempt is

made to define a safe or harmless dose, it must be asked, “Under what con-

ditions?” It should be safe to young and old animals including pregnant and

nursing females, and sucklings. It should be safe under conditions of full abundant

nutrition or where the diet is only just adequate. It should not enhance the sus-

ceptibility or reaction to common infections. It should not increase the incidence

of other natural diseases and disabilities. It should not reduce the animal’s
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resistance to conditions of stress, e.g., heat, cold, hard work, temporary starvation

or deprivation of water. It is obvious that the task of defining a safe level of a

chemical based on long-term toxicity tests designed to meet even a few of the

conditions just mentioned would be time-consuming and difficult to carry out.

Some of the proposals that have been put forward for the design of such tests

and the published results in such tests have been examined. Criticism is made in

the hope that more work and thought may be put into the design of this type of

test. The limited experience of the authors has made them aware of the diffi-

culties of doing this kind of work.

22. Suggestions for the Design of Tests

Most of the schemes for chronic toxicity testing have been put forward in

connection with the presence of chemicals in food. These tests will be dealt with

in some detail. Inhalation experiments are considered separately (Section 3.3.4).

The standard publication on the toxicity test is that of Lehman and his col-

leagues (183) which brings up to date their previous reports (50, 299, 309, 315).

Other writers (1 10, 1 13, 1 15, 198, 297) for the main part reiterate the recommen-

dations of Lehman et al. (183). Lehman et al. believe that the information re-

quired in order to assess the risk arising from the use of some material likely to

appear in food can be classified under the following four headings.

1) Chemical and physical characterization of the material to be tested. This

includes knowledge of chemical structure, purity, stability, presence of con-

taminants, etc., and of physical properties such as solubility and vapour pressure.

An adequate analytical method for micro-amounts in biological materials is

very desirable.

2) Acute toxicity. This is usually expressed as the LD50, the amount of the

substance expected to kill half of a group of animals. The material should be

given in aqueous solution if possible, both orally and by intravenous injection

(183, 113). Both the pure material and the finished commercial product should

be given in order to study the influence of other ingredients on toxicity. At least

three species should be used, one of them a non-rodent. These tests may throw

some light on the mechanism and site of action of the material. This test may be

of less value than the authors suggest because many of the compounds likely to

be considered for use in food have no detectable toxic action and it is impossible

to measure acute toxicity by this means.

3) Subacute toxicity. A test for subacute toxicity is designed as a pilot experi-

ment to guide the planning of chronic tests, from which it differs only in magni-

tude and duration. Weanling rats are the animals of choice. Four groups of ten

animals are used: (a) a control group, (b) a group on a diet containing 10 times

as much of the ingredient as is proposed for use in food, (c) a group given the

highest level the animals can tolerate, (d) a group given a dose between (b) and

(c). Of course additional groups may be required. Smith (261) has used a simpler

and more economical test. Dogs have been used as a second species and one dog

is assigned to each of the four groups. The materials are administered for 2-4

months.
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Observations are made on the rate of growth, food and water intake, fertility,

mortality, general appearance and behaviour of animals, including activity and

functional pattern (1 13). Blood and biochemical studies are made during the

experimental period, and at the end of this time an autopsy is performed and

the principal organs taken for histological section. The possibility of carcino-

genesis should be examined (1 10, 297). Percutaneous tests on rabbits (1 10) a

study of allergic responses (183) and other additional tests may be added.

The subacute test is in itself a formidable undertaking and indeed few sub-

stances receive any further study. The toxicologist in industry faced with the

need to provide certain basic data rapidly and on a considerable number of com-

pounds is forced to limit the scope of his investigations to subacute tests. Smyth

and his colleagues have discussed the design of such tests and testified to their

value (268, 270, 271, 275). It is in fact doubtful whether it is worth proceeding

beyond the subacute tests.

4) Chronic toxicity. If the use of the compound has not been excluded on the

basis of the above tests, a long term toxicity test is started (183, 297). It is

recommended that two species of animals be used, the rat for its lifetime (set

at 2 years), and either dogs or pigs for one year (297). Groups of rats containing

at least 10 males and 10 females are distributed as follows: (a) controls (b) a

group given a diet containing 100 times the concentration proposed for use in

food (c) a group given a diet containing the highest tolerated amount (d) an

intermediate group. The actual dose levels are of course based on information

derived from the subacute tests. With the second species, 3 animals are put in

each of 4 groups (a) controls (b) a group given a low level producing no damage

(c) a group given a high level approaching the highest tolerated amount (d) a

group given an intermediate level.

The criteria of toxicity that are examined are those listed in the subacute

test, with the addition of nutritional studies, paired feeding, studies of metabo-

lism of the material and so on. Some idea of the extent of these recommendations

can be given by two quotations-”Depending upon the individual case these

experiments may involve studies on isolated tissues or organs, careful pharma-

codynamics, electrocardiograms, electroencephalograms, chemical antidotes,

chemical studies of blood pigments, isolated loop or pouch studies, renal clearance

etc.” (183). Fraser (113) points out that if the material interferes with the nu-

tritional value of the diet it is unlikely that this will be shown up with the ordinary

toxicity test and more detailed studies are necessary. He adds “The route of

absorption, final destination, storage, metabolism and excretion of the material

should also be determined if possible. Radioactive isotope-labelled materials may

be particularly helpful in studies on distribution and cumulative action.”

A toxicologist obediently following these recommendations could scarcely say

that his work lacked variety, or that he was not called upon to use to the full

his skill and knowledge. In outlining the suggested schemes for chronic toxicity

tests comment has been largely avoided. There is a fundamental confusion in

these designs, that is well illustrated in the following quotation. “Complete

study of the physiology, biochemistry and pharmacology of the substance under
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test enables the chronic toxicity tests to be properly designed to cover any

likely effect of the substance, directly or indirectly, on the bodily functions”

(1 15). If such a complete study has already been made there would be little

need for a chronic toxicity test. A chronic toxicity test is always a makeshift

affair to be replaced as soon as possible by a more permanent structure of knowl-

edge built on the foundations of physiology, biochemistry and the other funda-

mental sciences.

3. DESIGN AND EXECUTION OF CHRONIC TOXICITY TESTS

3.1 . Introduction

In the following sections more detailed consideration will be given to the

techniques either proposed for, or actually used in chronic tests. In each case the

influence these factors may have upon the result is considered in relation to the

difficulties their adoption may present for the proper execution of the tests.

3.2. Animals

32.1 . Choice and numbers. The rat is the first choice because it is readily

available, cheap, fertile, omnivorous and hardy, is well standardised and studied

and has a short life span (16). Disadvantages such as its small size, the tendency

for its food intake to be affected by small changes in composition, difficulties in

obtaining adequate blood samples and a proneness to pulmonary disease do not

weigh seriously against it. The only animals challenging its position are mice

(44) (especially in carcinogenicity testing), and hamsters (61, 134, 197). Some

workers have based their preference for the rat over the guinea pig and the

rabbit for inhalation experiments on the much greater susceptibility of guinea

pigs and rabbits to toxic pneumonia (28, 269) or the “functional similarity” of

the rat to man (56). In most experiments the rat has been used because of its

convenience and availability in the absence of any contraindications.

The number of rats in each group represents a compromise between a desire

for a sufficiently large number of animals to allow statistical treatment of the

data, and the need to reduce the amount of data to be collected so as not to

overwhelm the investigator. In practice ten or less animals per group are used in

about half the published tests and 30 or less in 90 per cent of the tests. If the

sexes are to be treated separately the groups are reduced to 5 and 15 respectively.

Some aspects of the problem of group size are discussed in Section 4.7.

Designers of chronic toxicity tests call for the use of a second species that

should not be a rodent (see Section 2.2.). It has been argued that if the response

in several species is similar the result can be transferred to man with greater

confidence than where a considerable species difference has been detected. The

choice of the second species is often based on a fancied similarity to man and

various authors have recommended, the pig (81, 277) the dog, (228) and the

monkey (269, 304).

The chief argument in favour of the monkey is that it is a primate. Monkeys

are obtained by capture and are of uncertain age and temper. They require a

period of adequate feeding, treatment for ecto- and endo-parasites, and even



CHRONIC TOXICITY 197

courses of antibiotics before they can be used. Monkeys are difficult to handle

and survive badly in captivity except in warm climates. They are particularly

prone to tuberculosis and dysentery (73, 165, 289). Thus Robertson and his

colleagues (236) lost 10 of 29 monkeys in experimental groups and 8 of 16 cOn-

trols from disease in the first 7 months of a chronic toxicity experiment. The

rhesus macaque (Macaca mulatta) has been used almost exclusively. Monkeys

have a further disadvantage in that they are herbivores and very little is known

of their nutritional needs (73). The administration of the drug may be difficult.

Inhalation has been the commonest means of exposure (1, 2, 88, 193, 236, 240,

281, 289) but others have resorted to administration by stomach tube (282, 296)

for periods up to one year. It is not surprising that only small numbers of monkeys

have been used, i.e., 1-6 in most experiments (1 , 2, 19, 88, 169, 193, 289, 296)

and these mainly over short periods. In a few experiments larger groups of 29

(236) 15 (265) and 10 (282) have been used, but apparently in no chronic toxicity

test with monkeys have the recommendations put forward in Section 2.2 been

carried outfully, and the same may be said for experiments with dogs.

Most laboratories use mongrel dogs of all sizes, ages and breeds. Factors such

as differences between breeds, litters, sexes, etc. are completely submerged in the

obvious heterogeneity of these animals and some of the simpler criteria of toxicity

such as growth and fertility tests cannot be used with dogs. One solution to this

difficulty would be to breed dogs especially for experimental purposes, but this

is too expensive for most laboratories. Thus Robinson (94) stated in 1945 that

it cost 150 dollars to raise a beagle pup to the age of one year. A toxicity test with

mongrel dogs is a very different thing from a toxicity test with rats, and it is a

common and rational practice to use dogs as individual experimental animals in

special circumstances. These include experiments requiring repeated samples of

blood or urine for chemical analysis during the course of chronic exposures (52,

145, 151, 169, 228, 232, 233, 255, 289). Experiments where a few dogs have been

added just as another species have gained little by this addition. Where the

number of Species under test has been further multiplied there may be no ad-

vantage to offset the resultant complication. Thus an experiment in which 32

rats, 32 guinea pigs, 7 rabbits, 6 monkeys, 2 dogs and 8 cats were used (88) is

exceedingly difficult to interpret. The same may be said for other experiments

in which 4 or more species have been used (1, 193, 195, 221, 240, 278, 281).

Most of these are inhalation experiments where once the apparatus has been set

up no further modification is needed for each new species.

3.2.2. Species variations in �usceptibili1y to toxic substances. The use of a second

and non-rodent species in chronic toxicity testing has not received the trial

desired by its supporters. The reasons for advocating the multiplication of species

used in tests for chronic toxicity merit some discussion.

That different animal species may vary considerably in their susceptibility to

the acute toxic action of chemicals would be generally accepted. Considerable

differences are sometimes found as in the response to fluoroacetate (62, 63) or

alpha-naphthylthiourea (211). Minor variations in the response of different

species have been reported for such materials as chlorinated hydrocarbons
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(240, 281), beryllium (285), insecticides (130, 214), acrylonitrile (88), atabrine

(195), and indeed in almost every test where several species have been used.

These findings are just another indication of biological variation that is no more

surprising than the differences in physical appearance that enable the rat to be

distinguished from the dog at a glance. However, there is not the same knowledge

of toxicological response as there is of anatomical differences between the species.

If the tests for acute and subacute toxicity are carried out on a number of differ-

ent species, wide differences in species sensitivity to new compounds will be

demonstrated. No experimental evidence available suggests that differences

not revealed by this type of experiment will appear during the course of feeding

tests extending over long periods.

It would be an advantage if the species chosen for any test. for chronic toxicity

could be shown to respond in a similar way to man. Unfortunately, there are no

general rules which would enable the experimenter to make the proper choice in

any particular instance. In comparing the response of man and animals to toxic

substances it is unusual, except in the case of drugs given therapeutically, for the

dose taken by man to be known. A fair estimate may occasionally be made as in

an accident resulting from the use of sodium fluoride instead of dried milk powder

in making a food for hospital patients (188). In the disaster following the use of

diethylene glycol in a sulphanilamide preparation it was very difficult to estimate

the dose taken, or to correlate it with the effects suffered (51). A comparison has

been made between the susceptibility of rat and man to a number of metallic

poisons by comparing the toxic doses expressed on a body weight basis. The

following figures were derived (93):

EI.EMENT POISONING
PRACTION OF TOXIC DOSE FOB RAT�

PROVING POISONOUS To MAN

Arsenic Acute 1/5
Barium Acute P 1/10

Copper Acute 1/5

Lead Acute

Chronic

1/25

1/150

Mercury Acute 1/3

Radium Chronic 1/150

Selenium Chronic 1/60

Thorium Acute 2/5

The biggest differences relate to chronic poisoning. While this may reflect the

difference in criteria used to assess toxicity in the case of lead and selenium, in

the case of radium the criterion was the same, namely, the development of bone

tumours.

In its response to the demyelinating effects of triorthocresyl phosphate (262)

and other organophosphorus compounds (27) the chicken more closely resembles

man than the other species tested. There is no known biological reason for this.

No one has advocated the use of birds in tests for chronic toxicity.

Unfortunately, some of the most serious of the chronic effects of toxic sub-
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stances are apparently seen only in man. Thus many compounds of diverse chemi-

cal structure will produce, in a proportion of those taking them, aplasia of the

bone marrow. Benzol will produce such a condition whenever it is absorbed in

large amounts by both man and experimental animals. Sporadic cases of agranu-

locytosis have not been encountered in animals given drugs that will produce the

condition in man.

Diitroorthocresol, like diitrophenol, produces an acute toxic effect that is

similar in a very wide range of living matter (222). The acute toxic dose for man

is close to that for laboratory animals (123). Repeatedly administered it will

produce permanent and serious lens opacities in about 0.1 per cent of those taking

the drug (157). It was discovered quite accidentally that when fed to ducks and

ducklings these drugs will also produce lens opacities (234) . These lesions are

acute. If the drug is injected opacities appear in a few hours and disappear

equally rapidly (89a).

The incidence of agranulocytosis and lens opacities is probably of the order of

1 in 1000 of those taking the drug. There has never yet� been a chronic test on

animals carried out in sufficient numbers to exclude the possibility that they are

equally susceptible to such an occasional complication. Reference to Section 4.7.

will show that it would be necessary to use groups of 300 animals in order to be

able to detect an incidence of 1 per cent.

A second species is never likely to be used in numbers approaching those needed

to detect reactions with a low incidence rate.

A more rational use of different animals should be made, such as the use of

dogs when repeated samples of blood or large amounts of tissue are required

for analysis, of monkeys for inhalation experiments because of anatomical

similarities to man, of chickens for a study of demyelinating agents, and of cats

for compounds likely to produce methaemoglobinaemia (186). The investigator

is rarely so completely in the dark about the possible mode of action of his com-

pound that he cannot be guided in his choice of animals by his own experience

and by the reports of others.

3.2.3. Genetic features. If it is agreed that for many experiments the rat is the

animal of choice, some consideration is needed of the strain of rat to be used.

There are a number of strains and species of rats of which the most widely used

are the albino strains of Rattus norvegicus. This choice raises its own difficulties.

Darwin originally pointed out that the domestication of animals has led to a

great variety of strains whereas the wild population is remarkably uniform.

It is likely that the variation in response to drugs from one rat colony to another

may be much greater than the natural variation in the wild rat. This conclusion is

supported by observations on the acute toxicity of thiourea (80). It was found

that one stock laboratory strain of rats was 160 times as sensitive as a second

strain. On the other hand, wild rats whether of Alexandrine or Norwegian species

were very similar in their response to thiourea and were 300-400 times as re-

sistant as the most sensitive laboratory strain.

Despite this warning of the difficulties produced by selective breeding, there is

a tendency to strive for greater uniformity of response in rats used in chronic
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toxicity tests. This is probably a heritage from biological assays where attempts

are made to exclude variability other than that produced by the drug being

assayed. Thus Bacharach and Chance (21) found significant inter-litter differ-

ences in the assay of gonadotrophin and suggested the advisability of a sym-

metrical distribution of litter mates in the various groups in other biological

assays. However, even in biological assays the value of this practice is not proved

for Gaddum (1 18) has stated that there is little or no direct evidence that genetic

homogeneity itself increases the uniformity of response to drugs, and that it

may even be harmful. Emmens (92) was surprised to find that a highly inbred

albino strain of mice was more variable in response to oestrone than randomly

mated albino mice. He concluded that the factor causing variation in response

to oestrone was unlikely to be dependent on differences in genetic constitution.

The common belief that genetic variability is eliminated by using litter mates

as experimental and control animals is true only of litter mates of a highly inbred

line and does not hold good for others (159). Litter mates may differ as much as

any two siblings born months or even years apart. As it takes about 16 controlled

matings to obtain almost complete homozygosity and this may be upset at any

time by mutations, few laboratories are able to maintain a sufficiently inbred

stock to make the extensive use of litter mates worthwhile. The use of inbred

strains may be called for in such tests as for carcinogenicity (71, 260) but it is

probable that uniformity of response is often sought as an end in itself. Thus,

Lorenz and his colleagues (190) in studying the biological effects of gamma

radiation, found with inbred guinea pigs very steep dose-mortality curves, but

with hybrid guinea pigs the curves were less steep and there were some very

resistant animals. This was taken to indicate “the importance of the use of

inbred animals for obtaining reliable quantitative data.” It is difficult to see

why the data from the hybrid guinea pigs were less reliable, and the casual

reader may well be more interested in the resistant animals than he is in the shape

of a curve.

However, some workers have found significant inter-litter differences in

chronic toxicity tests (100, 103) and others have also been careful to distribute

litter mates through the groups by acceptable statistical methods (7, 199, 205,

241). This is a reasonable practice where the experimenter breeds his own

animals on a sufficient scale and can have confidence in the litter mates. But

when the significance of the results has to be assessed in relation to other species,

and particularly to man, the unknowns are so great that details such as inter-

litter differences are swamped.

3.2.4. Choice of sex. Designs for chronic toxicity tests call for separate treat-

ment of the two sexes and in many toxicity tests this duplication is accepted

without question. This is probably another legacy from biological assays. A list

of sex differences has been compiled by Holck (153) but an example of the magni-

tude of these can he obtained from the statement by Bliss and Cattell (38) that

red squill in rats affords a striking example of a sex difference in susceptibility

since it is approximately twice as toxic to females as to males (191). This sort of

difference may well be remarkable in biological assays where the LD50 or ED50
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may be expressed to three significant figures. Such accuracy is beyond the scope

of the chronic toxicity test where only a few dose levels can be used and these

widely spaced often as a logarithmic series such as 1 , 10 and 100 parts per

million.

Where sex differences have been recorded they usually consist of a difference

in response at a single dose level. It is profitable to examine to protocols of a few

representative examples that have been quoted by Hoick (153).

1) Sex difference in selenium poisoning (100). Wheat containing 3 ppm of

selenium was fed to rats. At six months, the mortality in males was 1 1 per cent,

and in females was 60 per cent. However, in another experiment recorded in the

same paper females fed on corn containing 5 ppm had a mortality of only 17

per cent after 12 months.

2) Sex difference in cadmium poisoning (162). At a dose level of 125 ppm of

cadmium three female rats lived about four times as long as six male rats. How-

ever, two male rats on 500 ppm survived almost as long as 2 females on 250 ppm

and certainly much longer than the 6 male rats on 125 ppm.

3) Sex difference in resistance to suiphanilamide (170). A single dose of 2.5

gms. of sulphanilamide per kilogram given subcutaneously killed 59.1 per cent

of male rats and 95.7 per cent of females. Similar treatment of rats with an ac-

quired tolerance to suiphonamides killed 37.5 per cent of the males and 81.8

per cent of the females.

The difficulties in interpreting sex differences in response can be illustrated

by reference to chemical carcinogenesis. The recognition of the carcinogenic effect

of certain hormones has led to detailed studies of the influence of sex on the

development of tumours. Some workers have found no significant sex differences

(39, 42), whereas others (18) find sex differences vary with the type of carcinogen

and depend for their detection on careful control of the dosage.

Some well-substantiated cases of sex variation in response are found in rats

treated with the short-acting barbiturates where the effects of spaying and the

administration of sex hormones have been studied (55, 149, 154, 155, 156, 286).

Male and female rats also differ in their susceptibility to parathion (p-nitro-

phenyldiethylthiophosphate) and schradan (octamethylpyrophosphoramide).

The female is more susceptible to the former, but less susceptible to the latter (5).

This difference is not a reflection of the susceptibility of the sexes to inhibitors

of cholinesterase for no such difference is seen in their response to compounds

such as tetraethyl pyrophosphate. The differences in the response to parathion

and schradan are probably related to the facility with which the sexes produce or

eliminate the inhibitor formed from the drug administered (5).

There seems to be little ground for conducting chronic toxicity tests on equal

numbers of each sex as a routine. From the practical point of view limiting the

experiment to one sex halves the number of animals available from the stock

colony, but since the sexes must always l)e treated separately in studying factors.

such as growth, this does not mean that fewer animals are available of whatever

sex is chosen. Unless reproductive studies are to be included, it may be better

to use larger groups of one sex in a given experiment.
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3.3. Administration of Compoun4s

3.3.1 . Purity. An examination of the toxic properties of a chemical entity

would presumably be done with a pure specimen of the material. While absolute

purity would be rare, one should be able to assume that those impurities that

were present were not in concentrations capable of exciting any biological

response.

It is however rare for chemicals used on a commercial scale to be pure, and

the problems raised by the presence of toxic impurities have long been familiar

to the industrial toxicologist. The nature and quantity of any impurities will

depend upon the method of production and the composition of the raw materials

that are used. For this reason the hazards in making a given material may vary

from one place of manufacture to another. This situation presents a dilemma to

the experimental toxicologist trying to assess an industrial hazard. If he uses

only the one material manufactured by the enquirer his findings may be relevant

only to one particular situation. On the other hand the use of a carefully purified

material may give an equally unrealistic picture of the toxicity of the material

to which the worlers are exposed. However, any experimental data obtained with

pure material will at least have some scientific value. There is no simple solution

to this dilemma, but a decision whether or not to take steps to secure pure ma-

terial for a test might rest on the following considerations. If the experiments

planned are of the general type in which only crude criteria of toxicity are to be

employed it matters little whether pure material is used. The answer to the ad hoc

problem will best be supplied by the use of the actual material to which human

exposure occurs. If any precise or time-consuming measurements are to be made

it seems desirable to use purified materials so that the results of any careful and

perhaps onerous laboratory investigations may be applied by others.

Ideally perhaps the toxicity of each ingredient of a mixture should be assessed

together with that of the mixtures that occur in manufacture. This sort of analy-

sis could be done by means of acute toxicity tests, but the tests for chronic toxicity

are so imprecise that any attempt to carry out such detailed analysis would

probably be a waste of effort.

3.3.2. Doses. Whenever an experiment is planned to run for at least a year,

the decision about the doses to be administered assumes considerable importance.

Only at the end of the experiment may it become possible to decide whether or

not a good decision was made. The plan of the experiment would be upset if,

during its course, the dose was altered.

The following are typical examples of what have been suggested as satisfactory

dose levels:

1) Doses should vary from those showing no effect to those producing marked

lesions (315).

2) Three or four levels differing by a factor of 2 or 4 should be used with the

least dose adjusted so as to produce no effect (271).

3) Three dose levels should be used. In terms of quantity administered per

unit body weight, the lowest dose should be the equivalent of 10 times the calcu-

lated daily intake of man. The greatest dose should be one that produces some
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toxic reaction and the third dose should be an intermediate one determined by

the experimenter (183).

4) The. animals should be given doses, calculated on a body weight basis, up

to 100 times greater than the estimated daily intake by man (1 13, 114).

Recommendations 1) and 2) cover any toxic material administered orally or

by inhalation, but 3) and 4) refer to tests on chemicals that may be used in

food.

An analysis has been made of the reports of 33 tests carried out in different

laboratories over a number of years. A single dose level was given in 3 experi-

ments. No reason for the selected level was given in one (87) ; in another it was

arbitrarily selected as 30-40 times the maximum permitted concentration (228)

and in the third it was said to be 1000 times the likely daily intake of man (242).

In 13 experiments three dose levels were used and in the remainder 4-10 different

doses were given. In the four experiments in this group done in the laboratory

which made recommendation 3) above, 4 or more dose levels excluding the con-

trols, were always used. The dose levels increased by geometrical progression in

18 experiments, by arithmetical progression in 3, and in irregular steps in 10.

Almost invariably tests for chronic toxicity follow those for acute and sub-

acute toxicity. The dose levels used in these long-term tests have probably been

based on the observations made during the preliminary shorter tests coupled

with the knowledge and experience of the experimenter. The number of dose

levels used in a test for chronic toxicity may perhaps be in inverse proportion to

the previous work and experience of the experimenter.

Those who seek a scheme for arriving at the appropriate dose levels for this

type of experiment should consult the paper by Smith (261).

In feeding experiments the dose levels are commonly given as parts per million

of the diet or percentages when higher concentrations are used. For the rat a

level of 1 per cent in the diet constitutes a dose of about 0.6 g/kilo/day, and 1 per

cent in the drinking water about 0.8 g/kilo/day (271). Calculations such as

these assume that the palatability of the diet or water has not been altered.

The dose will also be determined by the age and sex of the rats (see Section 3.3.3).

In inhalation studies the dose is expressed as the concentration in the inspired

air. It takes no account of the amount actually absorbed nor, in the case of par-

ticles, can it be assumed that the route of administration is confined to the respira-

tory tract. These points are discussed in Section 3.3.4. The duration of exposure

is commonly fixed at 6-8 hours daily for 5 days a week.

There is no simple solution to the problem of deciding on dose levels for long-

term experiments. A large dose range means many small groups or unmanageable

numbers of animals. A small range calls for skill and luck in reaching a correct

decision with the chance of much wasted t.ime and effort. These factors provide

one of the most serious arguments against experiments of very long duration.

3.3.3. Oral route. The route of administration has a considerable effect on the

acute toxicity of drugs (38, 153) and its effect is no less important in chronic

toxicity tests. The difficulties will be discussed in relation to the commoner

methods of admiiiistration.
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TABLE 1

Relation of Food Intake, Nominal Dosage and Actual Dose Consumed, in an Experiment
in which Cadmium Salts were Added to the Diet (162) of Rats

CONC. IN FOOD
(parts per million)

WGT. OF FOOD CONSUMED
PER RAT PER DAY

WGT. OF CADMIUM INGESTED
PER RAT PER DAY

1000

500

250
115

Controls

gm

3.0
4.5
4.0
6.4

9.5

mgm

3.0
2.2

1.0

0.8

0

1) Addition of the test material to the food. This is the most widely used

method as well as the simplest and most convenient, reducing the need to handle

animals unduly and saving the time of skilled personnel. The material is mixed

with the food to give the desired concentration and the animals are allowed to

eat as much of the mixture as they wish. If the test material is insoluble in water,

there is a choice of mixing the dry powder with the food or of dissolving the ma-

terial in a solvent such as an edible oil and then mixing the solution with the food.

The use of the solvent may alter the toxicity of the material (140, 153). Other

difficulties arise as a result of mixing the test material with the food.

(a) The diet may be made unpalatable. Rats are suspicious of any change in

the composition of their food, so that food intake may become erratic and less

than optimal, especially at the start of an experiment. Other animals such as

rabbits and cats refuse to eat unpalatable food. When this happens some alterna-

tive method such as administration by stomach tube must be used. Dogs fre-

quently vomit up any material that upsets them (229).

Even if gross disturbance is avoided, relatively minor changes in food intake

may affect the actual amounts of drug consumed. In Table 1 are listed the daily

food intakes of rats given different levels of cadmium salts in their diet (162).

At all levels there was some restriction of food intake, so that the dose of cadmium

received by each group was not proportional to the concentration in the diet.

(b) The intake of food is not uniform over the period of the experiment.

Rats eat much more relative to their body weight in the first few weeks after

weaning than at any other period (241, 316). In grams per kilo body weight the

daily intake falls from 150 at 6 weeks to 75 at 18 weeks. If the test material is

mixed with the food, so as to maintain a constant concentration, the daily intake

of the drug in the first few weeks may be at least double the intake between 9

and 12 months. It is during the first three months of a toxicity test that most of

the casualties occur and these can be explained, at least, in part, by the relatively

high intake of test material at this time.

The sexes also differ in the amount of food that they consume and hence in

the amount of test material that they ingest. Fitzhugh and Nelson (98) found

that female rats were slightly more susceptible than males to DDT (dichiorodi-
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phenyltrichloroethane) fed in this way and they attributed this to the 20 per cent

higher intake of food containing DDT by the females.

(c) Adding the test material at high concentration to the diet may have an

effect. In Section 2.2 mention was made of the recommendation for giving

animals a diet containing 100 times the concentration of a chemical likely to be

found in human food. Attempts have been made to test the toxicity of the ma-

terial by adding as much as 25 per cent to the food. These materials include

cellulose derivatives (29, 74, 150), surface active agents (135, 136, 137, 254) and

anti-oxidants (78). Rats often need to be specially trained to eat these grossly

altered diets (136). In most cases where the test material reaches a level of 10

per cent or more in the diet, growth has been affected and this has been due, at

least in part, to the satisfaction of the animal’s appetite by a large bulk of inert

material. In the face of a positive effect on growth most workers have attempted

to show that this is due to a decreased intake of actual digestible material rather

than to a direct toxic effect on the tissues of the animal. This has usually been

done by paired feeding experiments (29, 135, 257), or by calculating the efficiency

of food utilisation from measurements of growth and food intake (109, 136,

254).

(d) The test material may remove essential nutrients from the diet. Rancid

fats may inactivate vitamins and other essential growth factors; sulphonamides

and other antibiotics may interfere with the intestinal flora; solvents such as

liquid paraffin may reduce the absorption of the fat soluble vitamins (8); minerals

may be rendered insoluble and excreted, as for example when feeding beryllium

oxide produces rickets by decreasing phosphate absorption (6, 43).

The foregoing will indicate that while the method of adding the test material

to the food has the advantage of simplicity, this is offset by a number of dis-

advantages. One additional measurement, that of food intake, is necessary, and

exacting experiments such as paired feeding may have to be done in order to

clarify problems arising from this method of administration.

2) Addition of the test material to the drinking water. This is suitable for

water-soluble materials and has been used for dyestuffs (126a), germicides

(219), glycerine (15), detergents (303), the ethylene glycols (131, 272, 273) and

other alcohols (40, 184). With this method the intake of the test material is also

poorly regulated and it is necessary to measure fluid intake. Boughton (40)

found that rats restricted their fluid intake to 60 per cent of normal when alcohols

were added to the drinking water in concentrations of 5 per cent. The rats

receiving the alcohols were obviously thirsty because they gathered about the

drinking bottles after each filling and left without drinking. Weight reductions

of 20-30 per cent were evident in the alcohol groups at 9 months. On withdrawing

the alcohols the fluid consumption was at once increased by 37 per cent in the

ethyl alcohol group and by 48 per cent in the isopropyl alcohol group. These

animals soon reached the same weight as the control rats, and Boughton concluded

that dehydration played a very important part in the initial lag in growth in the

experimental groups.

3.3.4. Inhalation. The inhalation route has been used in experimental studies
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on chronic toxicity where this has been the way in which industrial workers have

been exposed to a possible hazard. The effect of the material may be either a

local one on the lungs, a general systemic one or a combination of both. Animal

experiments have sometimes been used as a basis for setting up permissible limits

for atmospheric contamination by vapours or toxic dusts. Animal experiments

may be used to compare the toxicity of different solvents, and when these are

volatile solvents experiments by inhalation are often used.

This brief review of some of the technical problems connected with this type

of experiment is designed to draw attention to their existence and refer the reader

to better sources of information.

The structure and function of the lower respiratory tract is remarkably urn-

form in the usual laboratory animals and man. The rate of air exchange is related

to the basal metabolism which is in turn related to surface area rather than

body weight. If the dosage administered to species of very different sizes is ex-

pressed as the concentration iii the inspired air, it cannot be compared on a simple

body weight ratio as is so frequently done when the oral route is used. Air intakes

in the common laboratory animals have been conveniently collected in a

nomogram (117).

In its behaviour as a filter the upper respiratory tract of the usual laboratory

animals is very similar. It has been shown experimentally that the maximum

size of particle that will pass through the upper respiratory tract of rabbits, cats,

mice, rats and monkeys is similar (317a). The size is of the same order as that

observed in man (174). Apart from the care needed in determining the dosage

received, the use of the inhalation route for particles or vapours does not add to

the already existing difficulties of extrapolating results from species to species

including man.

Technically this type of chronic toxicity test requires more care than tests

using the oral route but all the other problems such as those discussed in Sections

3.1, 3.2, 3.3 and 3.4 remain the same.

If it is the object of the experiment to study the effect of the particulate clouds

on the lower as well as the upper respiratory tract and to include effects from

absorption through the lungs, care must be taken to measure the concentration

of respirable particles. The behaviour of particles of different sizes has been re-

viewed recently (175,312) and it should be remembered that in discussing particle

size in relation to this problem it is assumed that particles of unit density are

being considered.

The various methods that have been used for producing dust clouds of suitable

particle size have been briefly and clearly reviewed in a paper which describes an

improved method for producing clouds of suitable selected particle size (317).

The techniques for setting up mists and aerosols have also been discussed (239).

If the particles are too small-less than 0.5 micron-the greater part are ex-

haled again, but if they are too large-5 microns or over-they never penetrate

the nose but are held up there and later swallowed. Even when care was taken

to use only particles of respirable size, the prolonged inhalation of a mineral oil

mist by monkeys produced pathological changes in the mucosa of the stomach in
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addition to the injury of the lungs. The gastric lesions presumably resulted from

the oil that had been caught up in the nose and swallowed though in these ex-

periments it may also have been licked from the animals’ coats (193).

Men exposed to dusts and particulate clouds will also swallow at least some of

the material held up in their nose and in this respect the experiments simulate

the natural conditions. However animals rely upon different methods for keeping

themselves clean, and if steps are not taketi to prevent contamination of their

coats during exposure, large quantities may be ingested from licking their fur.

Ingestion from contamination of the clothes of the industrial worker is unlikely

to be more than that resulting from casual contact with food or cigarettes.

One method has been described whereby dogs could be exposed for 6 hours a

day on successive days by introducing their muzzles only into the air stream

containing the toxic agent (227).

If it can be assumed that the experimental conditions will ensure that the

principal route of administration is by inhalation then it will also be necessary

to provide proper methods of sampling the particulate clouds and determining

particle size. Only if this is done can valid comparisons be made between the

behavior of different materials. No conclusions can be drawn from experiments

where such data are not provided.

The exposure of animals to vapours presents fewer technical problems, and

there are a great many methods used for producing constant known concentra-

tions of vapour. The exact technique used in any case will depend upon the physi-

cal properties of the material used. A few typical examples can be cited (161,

194).

It is usual to use the physical constants, e.g., vapour pressure to derive a theo-

retical value for the concentration of the vapour added to the air flowing into

a chamber in which the animals are exposed, but it is always essential to carry

out analyses of the actual air in the chamber. There are a number of methods of

continuous analysis. All modern methods of exposure depend upon the exposure

of the animals to an air stream. The older method of volatilising a known weight

of material in a large static chamber of known capacity cannot be used for ex-

posures of anything but a very short duration.

The usual procedure is to expose animals for 6-8 hours a day 5 or 6 days a

week for periods extending up to a year or more. In a few cases the animals live

in the cages in which they are exposed except for short periods each day when

the cages are cleaned. It is usual for control animals to be handled in the same

way by being put in chambers through which air is flowing. In some cases a

second control group may consist of animals kept in the animal house the whole

time (2).

The criteria of toxicity used have been the same as those used in feeding ex-

periments. Only exceptionally have the experiments run for more than 6-9

months. The incidence of pulmonary disease in rats of advanced age would make

them particularly unsuitable for very long-term tests of this kind. It is usual for

a number of species-rats, mice, guinea pigs, rabbits and monkeys-to be used

but rarely have the groups been large. An exception was the study of toxicity of
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a series of chlorinated naphthalenes where groups of 80 rats were used in many

experiments (87).

In a recent series of papers (2, 3, 243, 281) the effect of a number of solvents

has been studied on animals exposed daily for periods of 6-9 months. In some

cases there appear to have been serious outbreaks of pulmonary infection in the

rats and the conditions of the experiment would certainly favour the spread of an

epidemic of this kind. It has not been possible to find a record of experiments

of this type where an entirely unsuspected injurious effect upon the lungs was

discovered. In the great majority of cases the inhalation of the vapour of toxic

organic solvents seems to have been without effect upon the lungs even where

extensive liver lesions were produced (31).

The attempt to produce puLmonary neoplasms by the inhalation of suspected

carcinogens has been so unsuccessful (266) that it seems unlikely that by such

experimental methods will unsuspected carcinogenic properties of a material be

discovered. Inhalation may sometimes be a convenient way of administering a

very volatile substance over long periods to animals. On the whole, however,

there seems to be little point in using such a technique for making comparative

determinations or in the search for systemic effects when the technically simpler

feeding test would provide just as valid data on toxicity (87). The experimental

production of pneumoconiosis is a special subject that is not considered here but

reference may be made to a recent review (167).

3.3.5. Other routes. Toxicity studies by means of skin application are of short

duration, but some, such as tests on insect repellents (82) and insecticides (83)

have lasted as long as three months (see Section 5.4).

Many of the other methods of administration involve repeated manipulations

and much handling of animals. Intravenous injections have been used for plasma

substitutes (216); intraperitoneal injections have been used for antibiotics (238)

and hypnotics (149). Usually these special methods have been used only over

periods of a month or so but Thienes et al. (295) injected rats subcutaneously

twice daily for a year.

Where difficulties have been met in feeding the material it has been given in

capsules (171, 213) or more frequently by stomach tube to rats (4, 278), monkeys

(265), rabbits (201, 272) and dogs (195, 201). This modification of technique may

influence the result that is obtained. Nelson and Lyster (219) found that a

higher toxicity was observed when a compound was given by stomach tube than

when it was mixed with the food or the drinking water, probably because the full

daily dose was given at one time by stomach tube. Repeated handling may

upset the animals and there is always the chance of accidently passing the

material into the lungs (160, 224, 247). Salomon and Cowgill (247, 248), faced

with the problem of determining the toxicity of solder, developed a method of

passing small pellets down stomach tubes into rats, and checked the number,

location and excretion of pellets by x-ray examination.

3.4. Feeding

3.4.1. Nature of diet. The nature of the diet profoundly affects the results of

both acute and chronic tests (85, 153, 258, 313). Thus a high fat diet increased
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the toxicity of 2 ,4 ,6-trinitrotoluene (148) hut decreased the toxicity of cyanide

(200), fat augmented the acute toxicity but diminished the chronic toxicity of

rotenone (12). The addition of BL-methionine or a combination of L-cystine and

choline lowered the susceptibility of rats to the toxic effects of inhalation of

1 ,2-dichloropropane (146). The calcium and phosphorus content of the diet

profoundly influenced the toxicity of lead and arsenic (49, 128). In almost every

experiment where the effect of diet on toxicity has been studied findings of this

sort have been recorded. Negative findings, for example, the report that dietary

changes had no effect on the sensitivity of mice to senna (141), stand out as
curiosities.

In some cases there is some indication of the way in which diet influences

toxicity. When quinacrine was added to the diet at 100 parts per million, rats on

low protein diet showed a retardation of growth while rats on a high protein diet

grew normally. Measurement of the food intake showed that the low protein

rats ate much more than the high protein rats and hence received a considerably

higher dose of quinacrine (103). In other cases the addition of extra fat may

improve the absorption of materials such as DDT (250), phosphorus and rotenone

(14). Paraffin oil may take up certain vitamins in the intestinal tract and lead to

their excretion in the faeces (153). Sulphonamides added to the diet disturb the

microbial flora of the rat intestine and appear to inhibit the synthesis of growth

factors (35, 133, 306). Harris and Kohn (133) showed that when rats were fed

sulphonamides, the addition of the faeces of normal rats to the diet increased

food consumption and restored the growth rate to normal. Coprophagy is ap-

parently a factor in the nutrition of rats and it has been shown that when this

has been prevented, growth on a full diet is less than in rats free to eat faeces

(124). However the serious confinement imposed on rats in these experiments

may play a part in decreasing appetite and growth.

The influence of dietary changes on chemical carcinogenesis is equally complex.

Dietary effects have been found particularly with azo dyes (22, 65, 68, 204, 314)

and to a lesser degree with the polycyclic hydrocarbons (41, 244, 287). Despite

extensive studies no simple relationship has yet been found between diet and the

carcinogenic potency of the azo dyes (168). The importance of the problem is

shown by the evidence that primary cancer of the liver in man is determined, at

least in part, by the nature of the diet (245).

In the ordinary chronic toxicity test the problem has i)een simplified by the

extensive use of commercial diets which are based on modern knowledge of animal

nutrition. The diets are aimed at producing optimum growth. This has been de-

fined as the physiological state in which the animal functions in accordance with

its design; actual achievements fulfill all the potentialities of the organism, and

the growth curve is a pure expression of the inherent growth characteristics (89).

This should provide a uniform background for the study of toxic effects but as a

somewhat Utopian, or even Stakhanovite, concept it can be attacked at several

points. A change from one presumably complete diet to another caused a 15-fold

increase in the resistance of one strain of rats to thiourea (80). Wilson and De

Eds (313) studied the effects of three different laboratory diets, all thought to be

reasonably adequate, and found that the toxic dose of four different materials
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varied considerably and unpredictably. They suggest that the use of a sub-

optimal diet might provide a more sensitive index of toxicity, or that, as a corn-

promise, the diet should be adequate but close to the borderline. The importance

of the constitution of the diet may depend on the action of the toxic substance

being tested. Given by mouth, the soluble salts of beryllium are not toxic because

the metal combines with free phosphate in the diet and is precipitated. A stock

diet might have a great excess of free phosphate or it might have an optimal

quantity for full growth. The addition of beryllium would decrease the value of

the latter diet, but not of that which contained excessive phosphate.

It is by no means certain that optimal growth is synonymous with optimal

health. McCay (209) has observed the beneficial effects of restricted caloric in-

take on the survival of rats and their resistance to disease. He points out that

with a food intake 10 per cent below that of a diet offered ad lib. rats will survive

up to 1000 days (208), i.e., about a year longer than the average expectation for

rats. Low caloric diets delay terminal diseases (210) and degenerative conditions

in animals (251). Schneider (252) has reviewed the growing literature supporting

the general thesis that nutritional deficiency can lessen the susceptibility of the

host, to infections by protozoa, bacteria and viruses. Further, Tannenbaum (292)

has found that by restricting the caloric value of diets fed to mice to 80 per cent

of the maximum he could lower the incidence and prolong the latent period for

both induced and spontaneous tumours. From a study of the statistics of cancer

mortality for man, he found that overweight persons had an increased suscepti-

bility to cancer (291). The life insurance actuaries have long recognised that a

weight below average in the second half of the life span increases the expectation

of life.

3.4.2. Food intake. In Section 3.3.3 the effect of adding the test material to the

diet was considered. Reduced food intake is one of the commonest factors de-

pressing the growth rate, and measurements of food intake are commonly used

to supplement growth data. In some cases both growth and food intake are un-

altered (10) although when 5 per cent of inert material was added to the diet

the animals had to eat a proportionately greater bulk to obtain the same amount

of food (274). In other experiments where growth has been affected this has been

associated with a reduction in food intake (9, 13, 46, 199). Depression of growth

without significant change in food intake has been caused by synthetic sweetening

agents (105), ethylene glycol (131), sulphonamides (133), BHC (benzene hexa-

chloride, hexachlorocyclohexane) (104), DDT (177) and other materials, (59,

136). These observations are useful enough in providing bald toxicity data but

do little to advance the understanding of the way in which these effects are

produced.

Paired feeding can be used to determine whether the material is reducing food

consumption. The technique consists essentially of feeding the control animal

the amount of food eaten by the experimental animal the day before. The

method is more tedious and exacting than this summary may suggest. It has been

used in a number of toxicity experiments (29, 133, 151, 177, 247) though not

always rationally. Thus a paired feeding experiment was carried out to show
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that high levels of methyl cellulose (up to 50 per cent of the diet) depressed

growth by reducing the amount of actual food consumed simply providing a great

bulk of material for the animal to ingest and excrete. A more elaborate experi-

ment is done to explain away a positive finding. This practice stems from the use

of factors such as the 100-fold safety margin whereby material intended for use

at say 0.2 per cent in human food must be tested at 20 per cent level in the animals

diet. Whatever the ethics of adding inert materials to the human diet may be, a

material that must be added at concentrations above 10 per cent to the diet of

animals in order to produce any effects can scarcely be called toxic. It would seem

to be more rational to study the digestion, absorption and excretion of such a

material and to examine its effects on the absorption of various nutrients. To

feed a material such as methyl cellulose at a level of 30 per cent to rats for two

years seems to be the antithesis of a scientific experiment.

3.5. Duration of Tests

The unique property of the chronic toxicity test is its duration. It is reasonable

to ask what has been learned from tests lasting a year or more that could not

have been learned in tests lasting only three months. Descriptions of chronic

toxicity tests rarely indicate the reasons for choosing protracted tests (59, 109,

152). Others contain vague generalizations of the sort “so that the health prob-

lems could be properly evaluated” (193, 242, 281, 282) then omit the evaluation.

In some cases it is stated that the chronic toxicity data have been obt.ained to

satisfy some administrative body (78, 108).

Most of the designers of ideal tests recommend a duration of two years without

attempting to give any reasons for this. Lehman and his associates however, have

faced this issue (181, 183, 315) as is shown by the following quotation.

“Will not all aspects of chronic toxicity be demonstrated within twelve

months? The answer is an emphatic NO. Experiments in these laboratories

have demonstrated many serious effects in the last quarter or third of a twenty-

four-month feeding experiment w’hich would not have been observed if the ex-

periments had been terminated earlier. Examples follow:

(a) Bladder stones and enlargement of testes in rats fed certain of the glycols.

(b) Ear tumors in rats chronically poisoned with ergot.
(c) Vitamin E deficiency in rats fed rancid lard.

(d) Liver tumors in rats in chronic selenium poisoning.

(e) Thyroid malfunction in rats fed “P4000” sweetening agent.

(f) Enlargement of the spleen and liver tumors in rats fed dulcin, an

artificial sweetening agent.

(g) Liver tumors in rats fed thiourea” (181).

To the casual reader it may appear that Lehman has made out a good case for

the chronic toxicity test. At least it merits serious consideration. Item (a) comes

from a paper by Morris, Nelson and Calvery (203) published in 1942. They say

“The results of this investigation illustrate clearly the advantage of the long-

time chronic toxicity study. The results obtained by continuing the experiment

for two years t.hat would not have been noted if it had been discontinued at t.he
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end of one year were the occurrence of urinary calculi in each of the series of

animals receiving ethylene glycol and diethylene glycol.” This is a surprising

statement since it has been known for at least fifty years that ethylene glycol

causes oxaluria and renal damage in animals (47) . Further, earlier papers have

shown that urinary calculi could be produced in rats after 120-130 days (131)

and after the even shorter periods of 8-79 days (166). This refutes the conclusion

that an experiment lasting two years was necessary to disclose the production of

urinary calculi by ethylene glycol, but does not explain why calculi were so

tardy in making their appearance in the experiments of Morris et al.

Item (b) refers to the production of neurofibromata of the ears of rats after 23

months of ergot feeding at levels of 2-5 per cent (102, 215) and provides an

interesting addition to the list of tumours produced by repeated trauma. The

test was apparently carried out on the grounds that there was a shortage of

animal data on chronic ergot poisoning. It can scarcely be maintained that there

is any shortage of data for man (25, 69, 202). Levels of 1 per cent and above of

ergot in the diet of man cause the alarming symptoms of acute ergotism (25,

202). The only argument to be extracted from this experiment is that a chronic

toxicity test may fail to provide a warning of a very serious toxic hazard to man,

intriguing the reader instead with some relatively trivial abnormality.

Item (c) implies incorrectly that the induction of vitamin E deficiency by

feeding rancid fat was discovered as the result of a chronic toxicity test. Fitzhugh,

Nelson and Calvery (101) in their paper very properly draw attention to the

extensive work on the effect of rancid fats in accelerating the destruction of a

variety of food factors such as the vitamins, A, D and E and biotin, as reviewed

by Burr and Barnes (48). Fitzhugh et a!. were concerned with pointing out that if

rancid fats are included in the diets used in chronic toxicity tests serious compli-

cations may be introduced. They point out that the conditioned vitamin E

deficiency may take a long time to develop, but only by a complete inversion of

the purpose of their paper can it be made to support Lehman’s case for very

prolonged toxicity testing.

The other examples quoted by Lehman are also open to criticism. Reference

should be made to the extensive literature on the toxicity of selenium for man

(206, 264) and for animals (206), and to Section 4.5 where the difficulties of as-

sessing the relevance to man of experimental liver tumours such as those induced

by selenium (206), dulcin (4-ethoxy-phenylurea) (105) and thiourea (106) are

discussed. The reader may be interested enough to examine for himself the evi-

dence of thyroid malfunction in rats fed “P-4000” (1-n-propoxy-2-amino-4-

nitrobenzene) (105).

There is very little useful information to be extracted from chronic toxicity

tests after the first three to six months. Aspects of this are discussed in Sections

4.1 to 4.6. What information can be culled from the senile survivors of a two year

experiment? The ordinary mortality of rats used in chronic toxicity tests is

between 70 and 90 per cent at two years. Thus the groups of the size normally

used in experiments (10-20 animals) may be reduced to only 2 or 3 animals. There

is a remarkable difference in the reaction of workers to the pathological findings

in these aged animals.
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Some are prepared to accept tui�ipurs of the breast, testis, mesenteric nodes,

stomach, liver, etc., (152) and abnormalities of ovaries and uterus, mild fatty

changes in the liver and tubular degeneration of the kidney (98) as normal

manifestations of aging, whereas others attribute lesions such as calcification of

the renal pyramids and ovarian enlargement (102) and adenomatous hyper-

plasia of the liver and focal necrosis of voluntary muscle (98) to the action of the

material under test. They may claim to be able to detect an accleration of normal

degenerative processes in kidney (108) and testis (104). Obviously these decisions

are made on the relative incidence of abnormalities in experimental and control

groups. However, the latter at this time are reduced to a few individuals and do

not provide an adequate control. The experimenter must therefore base his

conclusions on his knowledge of the normal senile changes in aged rats of his

colony. Much that is confusing and conflicting in chronic toxicity tests arises

from these studies of rodent geriatrics and many of the conclusions based on the

pathological studies of the survivors reflect in turn the skill, experience and preju-

dices of the pathologist.

4. RESULT OF TOXICITY TESTS AND THEIR INTERPRETATION

4.1 . Introductian

In the following sections some detailed consideration is given to the recorded

findings in tests for chronic toxicity. Attention is paid only to the non-specific

effects which are the usual findings in the more stereotyped chronic toxicity tests.

Special investigations are considered later (Sections 5.1 to 5.4).

4.2. Death

As a criterion of toxicity death has the advantages of unambiguity and finality,

but it might be suspected of being one of the least sensitive indices of toxicity.

It is necessary to establish that death is attributable to the material that has

been given to the animal The techniques used to establish the cause of death

may themselves give evidence of toxicity. The way in which death has been used

as a criterion of toxicity will now be examined.

In Section 2.2 reference was made to the recommendations that chronic toxicity

tests should cover the life span of the rat. According to Farris (95) the rat lives

about 3 years. Tainter (290) had the patience to follow an experiment for 1004

days until the last rat died, but most workers accept 2 years as the lifespan of

the rat and terminate the experiment at this time. The natural death rate of
rats varies somewhat from colony to colony but figures of 15 per cent� mortality

at 1 year, 50 per cent at 18 months and 70-90 per cent at 2 years are usual.

The decimation of animals that occurs in a chronic toxicity test is illustrated by

the following quotation. “Actually 65 per cent of the rats died by the time two

years of feeding had elapsed. Another 12 per cent were killed because of recog-

nizable infections in order to protect cage mates and 19 per cent were dispatched

after one year of doses to provide material for histopathological examination and

organ weight data. The remainder, or 3.4 per cent, survived until the study was

terminated. .. . The causes of the mortality were divided as follows: lung iii-
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fections 75 per cent, post-partum complications 14 per cent; peritonitis 5 per cent;

indeterminate because of autolysis 4 per cent ; intestinal infections and intus-

susception 1 .5 per cent. In no instance however did any of these numbers differ

significantly between the treated groups and the controls” (59). There are many

similar reports in the literature where the material under test has not been shown

to affect the natural death rate (108, 152, 187, 242, 273, 274).

Where the death rate is increased the effect may be complex. As Fitzhugh,

Nelson and Bliss (100) have pointed out the frequency distribution of deaths

may be U-shaped. A larger number of deaths in the first 2-3 months, a fall, and

then a steep rise in the number of deaths is a common experience Except where

some epidemic has occurred in the colony, these early deaths are usually at-

tributable to the toxic material, and provide an index of toxicity that can be

measured with some precision. But the early deaths are really part of a subacute

toxicity test and are not here considered in any great detail. A number of factors

may lead to the early deaths In Section 3.4.2 it was pointed out that young rats

may receive relatively more toxic material than older rats owing to the mode of

administration. Young animals may be more susceptible than older animals;

the early deaths may weed out the susceptible animals leaving only the more

resistant animals, or tolerance may be developed.

In the present context interest is in the second part of the frequency distribu-

tion curve, i.e., the deaths occurring from 3 months to 2 years. The natural

mortality is often so great that any shortening of life by the toxic material may

be difficult to detect. Some workers have reported acute deaths that have not

been followed by any increase in mortality in the later stages of the experiment

(99, 107, 127, 199). Other workers have found increased deaths in the second year

of the experiment with toxic materials such as selenium (100), BHC (104), syn-

thetic sweetening agents (105), mercuriphenyl salts (108), glycols (203), quinacrine

(103) and DDT (98). It is not always easy to see from the protocols the grounds

for the conclusions, but at least for selenium, BHC and DDT it seems clear that

the life-span of the rat has been reduced. However, much earlier indications of

toxicity were given for DDT and BHC b�r outward signs of poisoning (98, 104)

and in the case of selenium by acute deaths (100), and it is not clear how much

has been learned of toxicity from delayed deaths that could not have been learned

earlier and more economically from subacute tests.

Although death might be expected to prove to be an appreciably less sensitive

index of toxicity than other criteria such as growth, organ weights, fertility,

pathology etc., in a surprising number of tests this has not been the case (59, 98,

100, 102, 104, 107, 199, 290). This is a damaging conclusion indicating that the

chronic toxicity test is often crude and insensitive.

4.3. Growth

The effect of toxic substances on normal growth is one of the most commonly

used criteria of toxicity but growth has often been studied casually and uncriti-

cally. This may be due to the complexity of the problems of growth, and, as the

writers have no special knowledge of these subjects, only the limited aspects of
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growth used in toxicity testing will be discussed. For other aspects the reader

should consult general reviews (89, 307, 320). Almost all the fundamental work

on growth has been done on rats, with only an occasional reference to the growth

of hamsters (137), guinea pigs (59, 226, 276) mice (226) and dogs (173). The

only units commonly used for measuring growth are body weight and organ

weights (see Section 4.6), although Smyth and his colleagues (273) have used a

fatness index obtained by dividing the body weight by the length of the rat.

The usual practice in assessing growth in terms of body weight is to weigh the

animals regularly throughout the experiment and either compare visually the

weight curves of the various groups, or the average weights of the groups at

chosen intervals. The average time taken for the rats to make some arbitrarily

chosen gain in weight has also been used (133). These methods make inefficient

use of the mass of figures obtained in a chronic toxicity test.

One method of using growth data more fully is that of Zucker (3 19). When

the logarithm of the weight is plotted against the reciprocal of the age a straight

line characterizes the normal growth rate. Two important constants are ob-

tamed, k which is a measure of the rate of growth and A, a postulated ultimate

weight of the rat. Rats continue to grow throughout their life due to unclosed

epiphyses (319), and A is the ultimate weight approached asymptotically. The

constants, k and A, from a number of different rat colonies are very similar (129,

319). This method of assessing growth has been used occasionally in toxicity

testing (29, 184) and merits a more general trial.For one thing it would enable the

nutritional state and growth characteristics of the rat colony in any particular

experiment to be assessed by the reader, and the results of a toxicity test could

be more critically examined. In using the method there is one practical problem

arising from the plotting of age as reciprocals. The first week of the experiment

is more important in fixing the slope of the line than the second six months. It is

unusual to be able to start an experiment with something like a hundred rats all

exactly three weeks old and variation of even a few days in the age of the animals

will upset the early figures. If rats are bought from a commercial dealer, ignorance

of the precise age of the rats may prevent the use of the Zucker method. There

are alternate methods of treatment (89, 320) but these have not been used in

toxicity testing.

A paper by Fitzhugh, Nelson and Bliss (100) shows that much better use can

be made of even relatively unpromising growth data when more rigorous statisti-

cal methods are used. Bliss and his colleagues divided the growing period into the

first and the second half-year. The rats were fed selenium-bearing grain which,

at certain dose levels, produced a steady reduction in growth rate as measured

by the average gain in weight of the group. The rats were divided into a sus-

ceptible group that died within 8 weeks of the start of the experiment and a

resistant group that survived this period. The susceptible group showed a 20

per cent reduction in growth, whereas the resistant group was nearly normal in its

growth. This suggests that here growth rate had no advantage over death as an

index of toxicity. It brings out the fact that the animals within a group may

respond differently and perhaps a more careful study of growth data would
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provide a means of recognising this. In the second six months of the experiment

the growth rate of rats fed the selenium-bearing grain was significantly lowered.

Analysis of co-variance disclosed that the growth rate in the first six months

influenced growth in the second six months. If the growth of rats is reduced by

various means, and the restraining factor is then removed, the rat quickly regains

its normal weight. This can happen even when rats are three years old (208).

One way in which the restraint is removed is suggested in Section 3.3.3. When

the toxic material is included in the food the dose per kilogram of body weight

is much higher in the first few months of the experiment than later.

Other factors that influence the growth rate include the diet. As discussed in

Section 3.4.1 it is assumed that the original diet is adequate in most chronic

toxicity tests but the common practice of adding the material under test may

affect food intake (see Section 3.4.3) and growth. If the diet is rendered un-

palatable, or if it produces severe symptoms, the rats may prefer starvation (26,

136). When the material is added to the water, the rats may greatly restrict

their water intake even when fed a dry diet (40). Another effect is that of adding

to the diet a large amount of relatively inert material-up to 40 per cent of the

diet in some cases. The bulk satisfies the rat’s appetite, the food intake is lowered

and growth is reduced (29, 78, 109, 136, 150, 152, 241). The influence of this factor

is usually assessed by measuring food intake and by paired feeding (Section

3.4.2).

In other cases the effect of the toxic agent is more complex. Sulphonamides

decreases growth by inhibiting the bacterial flora of the rat. Apparently food

intake is reduced, but the addition to the diet of faeces from normal rats restores

appetite and leads to normal growth (133) (see Section 3.4.1).

With dinitrophenol (290) and related compounds (280) which raise the meta-

bolic rate it is not surprising that the growth rate is reduced. On the other hand

there is no clear reason why a great variety of substances lead to reduced growth

when added to the food, e.g., DDT (177), BHC (104), extracts of Veratrine

viride (127), synthetic sweetening agents (105) etc., or, on inhalation, e.g., 1-3

butadiene (58) and silanes (226). There are anomalies such as the observation that

low levels of lead had a greater inhibitory effect on growth than higher levels

(205). Further, the effect of some agents is to increase growth. The inhalation of

propylene glycol improved the growth of rats (236), and so will the feeding of

antibiotics such as aureomycin (90, 163, 283), streptomycin (192, 220, 283), and

surface active agents (91). The interaction of two highly complicated processes,

drug action and normal growth, produces effects that are very little understood,

and needs a fuller and more careful study than it has yet been accorded.

Growth is the end result of a number of complex interdependent processes.

An effect on growth may result rather indirectly from the presence of a toxic agent

in food and will not necessarily reflect a specific interference with a metabolic

process. The value of growth as a sensitive criterion of toxicity clearly depends

U�Ofl the use of accurate measurements over the period of rapid growth. There

seems little point in examining the growth of old and young rats with equal care

and labour.
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4.4. Increase of Natural Disease

The detection of the effect of a toxic material on the incidence of natural

disease will depend on an ability to assess the extent of natural disease in experi-

mental animals. As mentioned in Section 3.5 there is no unanimity about the

extent of natural disease in rats and hence the assessment of effects on it are

even less well understood. A few reports mention the absence of increase in natural

disease (59, 274, 279), others that there is an increase in the natural degenerative

processes (108). Robertson and his colleagues (236) found that the inhalation of

some glycols reduced the incidence of bronchiectasis in rats and protected mice

against infection by airborne bacteria and influenza virus (235, 237).

There is some information on the effect of inhaling irritants on pulmonary

disease. Baetjer (23) could not find any certain evidence in the literature that the

chronic inhalation of chemical contaminants at low concentrations, of silica dust

(24), aluminum dust (301), or bituminous coal dust or smoke (302) altered the

resistance of rats to experimentally induced lobar pneumonia. Gardner and his

co-workers studied the effects of inhalation of irritant materials on the progress

of the pulmonary lesions in guinea pigs infected with an attenuated strain of

tubercle bacillus. These infections healed normally, and the rate of recovery was

unaffected by nonsiliceous dusts such as marble, coal, gypsum and iron oxide

(120, 121) whereas fine silica dusts led rapidly and invariably to death of the

animals from tuberculosis (119). Welding fumes (122) caused chemical pneumonia

that was often fatal but did not affect the recovery of the survivors from the

tuberculous infection.

These papers give some idea of the way in which lung irritants affect bacterial

infections of the lung, but do not disclose any simple relationship between

irritant action and disease. Less well controlled experiments, such as chronic

toxicity tests, are even less likely to disclose any such relationship.

The incidence of diseases other than those due to infection is likely to be so

sporadic in animal colonies as to make measurements of the incidence and

severity impossible in the small populations used in chronic toxicity tests.

4.5. Pathological Changes

The prominent part that pathological findings play in chronic toxicity tests is

a consequence of the role of pathology in providing those observations originally

necessary for an understanding of disease. Pathological findings are subjective

and will be influenced by the judgment and experience of the man who looks at

the organs and histological preparations. Many reports of chronic toxicity tests

are prodigal with the pathological lesions they record. Thus, in experimental

DDT poisoning, reviews (75, 125) state that lesions have been reported in the skin,

heart, lungs, liver, gall bladder, stomach, thyroid, adrenal, testis, voluntary

muscle, bone marrow, brain, spinal cord, peripheral nerves and myoneural june-

tions. It is inherently improbable that one compound would produce lesions in

all these tissues, and an attempt must be made to sort the wheat from the

chaff.

The first source of difficulty is that of distinguishing naturally occurring disease
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and the pathological consequences of ageing (95, 212, 230, 231) from the effects

due to the material that is being administered to the animals. This problem

can be illustrated by taking three examples of different methods of reporting

the large number of lesions found in senile rats. In the first example the authors

attribute, in addition to liver lesions, a considerable variety of lesions to the

material under test. “The usual ‘spontaneous’ pathological lesions in control

rats are slight even at the end of the two years. Using this as a base line ‘selenized’

rats showed slight hyperplasia and haemosiderosis of the splenic pulp, slight

hyperplasia of the bone marrow, slight focal myocardial fibrosis, and minor renal

changes” (100).

In the second example the authors are prepared to accept a considerable variety

of changes as normal in senile rats. “There were no correlations between histo-

logical findings and the presence of medication. Chronic lung abscesses, varying

degrees of liver atrophy of the senile type with narrow cell cords and wide sinuses,

and of degenerative changes in the renal tubules were found in many animals.

Visible fat drops were present in the periphery of liver lobules in some and

spermatogenesis was minimal in most rats” (290).

The third example shows a pathologist disregarding the normal disease

processes and looking only for abnormalities attributable to the material under

test. “Careful study of stained sections of heart, lung, liver, spleen, pancreas,

intestines, stomach, adrenals, kidneys, testes, brain, spinal cord and femoral

nerve from 29 rats selected at random from the three generations indicated the

complete absence of any toxic manifestations” (109).

It is obvious that there are major differences in approach to pathological

findings. The reader, without access to the histological material cannot entirely

reject reports of lesions in various organs although his own experience and his

judgment of the quality of the work he is consulting may leave him with many

doubts. Thus it is well known that the average human myocardium in old age

will show much fibrotic scarring but it seems to be much less generally recog-

nised that similar myocardial fibrosis is found in the rat (310). Varying degrees

of myocardial fibrosis have been commonly attributed to toxic agents including

sulphonamides (116), selenium (100), quinacrine (103), chloroquine (107), DDT

(84), and dinit.rophenol (147). It is reasonable to ask whether in some of these

reports the natural incidence of myocardial fibrosis in rats has been overlooked.

The same reserve may be adopted in evaluating reports of splenic siderosis,

ulcerative colitis, renal calcification, testicular atrophy, uterine pigmentation

and similar senile changes.

Although most reports of pathological findings pass without challenge, ex-

amples where disagreement has been expressed illustrate that difficulties are met

in interpreting histological findings. Dallemagne and his colleagues (70) de-

scribed fatty deposits in the kidney of the dog as lesions characteristic of poison-

ing with BHC. Silver (259) has questioned this on the grounds that fat is normally

present in the renal tubules of the dog and that Dallemagne’s illustrations ap-

peared to show no more fat than was normal. The second example of dissent in

interpretation is the lesion of the liver described by Nelson and his colleagues

(180) as due to DDT at levels as low as 5 ppm. It is generally accepted that high
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levels of DDT, 300 ppm. and above, will cause liver lesions, but a number of

workers have failed to observe liver lesions below 100 ppm. (54, 75, 130). The

fine cytoplasmic distinctions that form the basis of Nelson’s claim have been

made on rat livers fixed in 10 per cent formalin-a notoriously bad cytoplasmic

fixation, as Cameron and Cheng (54) have pointed out. These two examples

show that conclusions in pathology depend on relatively abstruse points in

histology and on technical problems of fixation and staining methods. Iii inter-

preting the reports in the literature the reader is called upon to use a considerable

discretion and possess a detailed knowledge of methods.

A query as to the value of histological examinations in chronic toxicity tests

could be given a variety of answers. One answer would be to compile a list for

each compound comparable to that recorded for DDT above. On the other hand

most of the reports might be disregarded as insufficiently substantiated. A list

of important findings would be a short one including liver tumours induced by

selenium, thiourea, dulcin, and butter yellow (dimethylaminoazobenzene), renal

damage after ethylene glycol and sulphonamides (263), liver lesions with at

least the higher dosages of DDT and BHC, and adrenal necrosis in the dog after

DDD (dichlorodiphenyldichloroethane) (217, 218). A vast amount. of labour

has been expended on these histological examinations. Thus Carpenter, Weil and

Smyth (59) prepared 2500 histological sections in one experiment and Fitzhugh

et al. over 3400 in another (105). Fitzhugh and Nelson (98) by taking about 20

tissues from 213 animals were faced with preparing over 4000 sections, and there

are numbers of similar reports (30, 102, 103, 273, 276). The amount of work

involved imposes certain limitations. The staining methods must be limited and

the examination of the material can only have been cursory.

It is not surprising to learn that Smyth, Carpenter and Weil (275) intend to

drop microscopic �tudies from their range-finding toxicity tests because the

technique is not sufficiently sensitive to justify the cost. Bratton (44) has reached

a similar conclusion. The routine sectioning of 20 different tissues from each of

a series of animals, could probably be replaced with advantage by a careful

naked eye examination. Certainly the significant findings listed in the paragraph

above could all have been detected by this means. A selection of material could

then be made for histological examination which could be more detailed and

complete. The vast amount of histological material collected from some toxicity

tests seems to have led in turn to improbable catalogues of disorders such as

those for DDT given at the start of this section. It would indeed be surprising

if some abnormalities, from whatever cause, were not to be found in a collection

of 4000 histological preparations from ageing but otherwise normal rats.

In many papers the final conclusion about the freedom from toxicity of a sub-

stance appears to rest upon the report of the pathologist that no unusual lesions

were observed in the histological preparations from the experimental animals.

4.6. Organ Weights

In biological assays the weight of an organ such as the thyroid for anterior

pituitary extracts, or the uterus for oestrones has proved a useful measure of

activity (38). In chronic toxicity tests the weights of lungs, liver, kidneys and,
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less frequently, spleen, heart, adrenal and brain have been used as criteria of

toxicity. The problem of differential growth is a complex one (89) but has been

scarcely considered in chronic toxicity tests.

In a number of experiments organ weights have been within normal limits

(1, 59, 240, 242, 274, 281) and in others the data have been difficult to interpret

(1 1, 136). The weight of the lungs of animals inhaling silicates (77) or oil fogs

(193) has given a useful measure of injury. Atrophy of the testis as measured by

weight loss and confirmed by histological examination (151) is acceptable as a

toxic effect, but hypertrophy of an organ is much more difficult to interpret.

lodge (151) found that the stomachs of rats fed a diet containing 30 per cent of

inert material weighed nearly twice as much as normal, and few would quarrel

with his view that this is a case of functional hypertrophy. However, the increase

in size and weight of liver and kidneys in animals given trichloroethylene (2),

complex glycols (57), DDT (98, 177), BHC (104), lead acetate (205) and an

organic silicate (226) have been frequently regarded as unfavourable findings.

In some cases this view has been supported by the report of minor histological

changes (Section 4.5).

It is doubtful if increased organ weight alone can be accepted as evidence of

disease. From Cameron’s recent review (53) of the problem of hypertrophy it is

clear that many organs, including the kidney and the liver, rapidly hypertrophy

when given more work to do. He quotes from Boycott the factors necessary for

hypertrophy-good inherent powers of growth, a healthy state of the tissues and

an effective stimulus to growth. The toxic material requiring metabolism or

excretion supplies the stimulus of work. The occurrence of hypertrophy is itself

evidence of a healthy state of the organ and any associated histological change

should be reconsidered from this point of view. Certainly the hypertrophied

tissues that have been reported in toxicity tests have not beei� shown to function

inefficiently and until they are, few pathologists are likely to accept an increase in

weight as evidence of disease.

4.7. Significance of Negative Findings

A negative finding in toxicity testing is very vulnerable to criticism. It is easy

to suggest that some positive finding might be obtained by using a different

species, different criteria of toxicity, prolongation of the test and so on. Chronic

toxicity tests take so much time that these criticisms are likely to remain un-

answered, even where their validity may not be questioned. In an experiment

with parathion (26) by using growth rate, death and pathological findings as

criteria of poisoning it was concluded that 50 ppm. was toxic, but 20 ppm. was

not. Subsequent work by Frawley, Hagan and Fitzhugh (112) has shown that at

5 ppm. there is a significant inhibition of red cell and plasma cholinesterase in

rats. Although there is difficulty in assessing the weight to be given to this finding,

there is no doubt that by the use of a more sensitive index Fitzhugh and his

colleagues have produced unequivocal evidence of effects at much lower dose

levels than were detected with cruder methods.

This example shows the difficulty of finding acceptable criteria of poisoning or
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abnormality attributable to the toxic agent. If statistical conclusions are to be

drawn from negative findings there must be confidence in the ability to detect

poisoning, and for the purposes of the following discussion it will be assumed that

this confidence exists despite the doubts raised in many places in this review.

Most chronic toxicity testing seems to be based on finding a dose level that pro-

duces no effects in any number of a group of animals. On the other hand those

who conduct biological assays assume that there will always be some reactors

although the proportion of these may be too small to be detected experimentally

when the dose is greatly reduced. This approach is correct and the significance of

negative findings in toxicity tests is considered in relation to the numl)er of

animals used in the experimental groups. �

Tests should be designed to show what is the greatest quantity of the substance

under examination which is practically certain to produce no abnormality in

animals receiving the material. This requires two decisions.

1) It is necessary to decide what is the highest rate of abnormality in the ex-

perimental groups that can be neglected. This decision is necessary because

where a very small proportion of animals responds to a toxic material (one

abnormal animal in a million) no experiment is likely to detect. the abnormality.

If the rate of abnormality is 1 in 1 ,000 it. is still likely to escape detection, if 1 in

100, it may be discovered and if 1 in 10, detection will be relatively easy. It. is

desirable to detect as low an incidence of abnormality as possible and it is im-

portant to know what this incidence is and what. rates of abnormality will escape

detection in any particular experiment.. But t.he lower the rate of permit.ted at)-

normality (i.e., the highest rate of abnormality that will escape detect.ion) is set,

the more animals will be required in each experimental group. In practice the

limits of abnormality are usually set at. 1 in 20, 1 in 40, or 1 in 100. If the toxic

material produces abnormalities less frequently than 1 in 100 animals, it would

probably escape detection unless at least 500 animals were used at each dose

level. This would overwhelm the investigator and his laboratory.

2) Having decided not t.o attempt t.he detect.ion of abnormalities occurring

less frequently than 1 in 100, it is necessary to calculate the risks of failing by

chance to find the abnormalities in the experimental groups. An experiment

cannot he devised that will unfailingly detect an abnormality occurring say, in

1 in 100 animals, but the chances of success can be estimated.1 If the experimental

group contains 100 animals, they may all be normal, but if the experiment is

repeated a great number of times there would finally be an average frequency of

abnormality of 1 in 100 among all the animals used. But it is necessary to know

the chances of drawing a blank in any particular experiment.

It is usual to accept such risks of failure at say 1 chance in 20, 1 in 40 or 1

in 100, and it is necessary to decide at which level of permitted abnormality t.his

risk will be taken. Table 2 gives the numbers of animals that must be used when

the two variables discussed above are given definite values. If it could be agreed

* In developing these ideas we wish to acknow1edge� the help of Dr. J. 0. Irwin of

the Medical Research Council Statistical Research Unit without wishing to hold him

responsible for our conclusions.
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TABLE 2

Minimum Number of A nimals Necessary to Control the Risk of Failure to Detect Abnornrals

True frequency of occurrence

of abnormally reacting

animals 1 in 20 1 in 40 1 in 100

Maximum permissible proba-

bility of failure to detect

any abnormality (level of
significance) 0.05 0.01 0.001 0.05 0.01 0.001 0.05 0.01 0.001

Least number of animals
necessary 58 90 134 118 182 273 295 455 670

that a dose of a substance is fairly well tolerated when it fails to produce a reaction

in 19 out of 20 animals, or in other words, poisons only 1 in 20, then either 58,

90 or 134 animals are needed (Col. 1 in Table 2) in order to be more or less confi-

dent that this abnormally reacting animal will be found among those examined.

But the chance that this abnormal reactor will not turn up depends upon the

size of the group used. If 58 animals are used then there is 1 chance in 20 that

there will not be a single abnormal reactor in the group. If 134 animals are used

then there is only a 1 in 1,000 chance that no poisoned animals will turn up

among the group examined.

If it seems desirable to be more cautious and to say that a substance will only

be considered harmless if it poisons no more than 1 in 100 animals, then much

larger groups must be used (Col. 3 in Table 2). To be sure that in 19 out of 20

experiments this poisoned animal will be among those examined it will be neces-

sary to use 300 animals.

It may be instructive to consider again the experiments wit.h rats and parathion

(26) and the conclusion based on pathological findings on groups of 14 animals.

If the true frequency of abnormality was 1 in 20 at the dose level of 20 ppm.

negative findings would have been recorded in about 49 out of every 100 such

experiments, so that there was about 1 chance in 2 of missing an abnormality

occurring even at the high rate of 1 in 20 animals. Alternatively, it can be asked

what is the incidence of abnormality that could have been detected with reason-

able confidence (i.e., with no greater chance of being wrong than once in 20 such

experiments). On this basis it can be said that the abnormality is unlikely to

occur in more than 20 per cent of all animals so treated. Of course, the incidence

of abnormality may be much lower than this but there is nothing in the experi-

ment to justify a more optimistic prediction. It. is legitimate to wonder if it was

worth carrying out a chronic toxicity test for a year and preparing some 2000

histological preparations for such an answer.

This is not a unique example of the use of small numbers of animals. Of 100

consecutive experiments recorded in the literature, 66 give the size of groups of

rats that have been used and these have been arranged as a histogram (Fig. 1).

In recording these groups males and females have been combined, if the sexes
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respond differently the size of most of the groups will be halved. Enough has been

said to show the statistical weakness of groups of the size normally used.

Another difficulty arises in the form of unexpected findings in experimental

groups. In the rats fed parathion at 20 ppm. a malignant tumour of the mediasti-

num was found in one of the 14 rats examined histologically. Would it be logical

to say that parathion at this dose level is a carcinogen for rats? Such tumours

occur spontaneously, if rarely, so that here the tumour may be dismissed as un-

related to treatment. How far can any abnormality, whether it is an occasional

tumour, the rat with middle ear disease, or even the rat that has been eaten by

its cage mates, be ignored if a search is being made for an incidence of abnormality

such as 1 in 20. This line of thought is suggested by the designers of tests who
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FIG. 1. A summary of information from the published literature showing the numbers

of animals used in experimental groups and the frequency with which they were used in

experiments on chronic toxicity. Horizontal axis: numbers of animals per group. Vertical
axis: number of experiments in which each group size was used.

wish to exclude any possible toxic action of the material under test (see Section

2.2).

There do not seem to have been any experiments carried out on large groups

of animals to see whether abnormal reactors do turn up in the numbers expected

when low doses of a toxic material have been given. This would only be possible

where a sensitive index of response existed (see also Section 6).

5. SPECIAL INVESTIGATIONS

5.1. Studies of Fertility

Deuel and his colleagues (78) have stated that the most sensitive method for

the detection of dietary deficiencies and toxicity involves subjecting several
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generations of animals to the test diet. The stresses of growth, pregnancy and

lactation are all brought to bear on successive generations and certainly have

proved to be a severe test of the nutritional value of diets (20, 189, 246, 300).

The value of multigeneration studies in chronic toxicity is less certain.

The inclusion of fertility studies in a chronic toxicity test may double or treble

the work to be done. Some idea of the extent of the work involved may be oh-

tamed by considering a paper by Thienes and his colleagues (295). This study of

the chronic effects of nicotine on rats apparently occupied five scientific workers

and seven technical assistants from September 1936 until the end of 1942.

rfheir total of 3848 rats does not greatly exceed that of other workers. Deuel

ci al. (78) used 2398 rats, and Carpenter, Weil and Smyt.h (59) used 1202 litters

comprising 9147 young. In studies of this sort it is common to measure the num-

ber of litters per female, the size of the litters, the young killed or born dead, the

average gain in weight of the growing litters and the number of young weaned.

The record-keeping alone is a formidable task requiring special methods.

Quite apart from possibilities such as the disclosing of inadequacies of stock

diet and the showing up of genetic abnormalities in the particular strain of rats

that is used, it is clear that many practical difficulties are met in fertility studies.

Thus Morris, Laug, Morris and Grant (205) found it necessary to try different

methods of mating controlled by vaginal smears to determine when the females

were in oestrus and whether copulation had occurred. rfhey were able to control

their experiment.s because they used relatively small numbers of animals, 72

females in all, and there seems to be a good case for keeping the number of animals

down to manageable proportions. However any experiment of this sort is time

consuming and exacting and requires a considerable knowledge of rat breeding

(138).

Of the fertility tests that have been done, a large proportion has not. showii

any effect attributable to the material being investigated (29, 58, 59, 78, 109,

184, 207, 274). Interference with fertility has been recorded for uranium nitrate

(199), arsenic trioxide (205), nicotine (295), DDT (97) and ethyl alcohol (284).

This effect has been produced at a high dose level where other toxic effects were

quite evident. Thus Thienes et al. were giving nicotine in twice daily doses at a

level just below the acute convulsive dose. The observations that exposure of rat.s

to tetrachloroethylene (56) and carbon tetrachloride (269) caused a slight in-

crease in fertility adds variety t.o the general pict.ure of reproductive st.udies.

No doubt negative findings are encouraging evidence of non-toxicity but it is

still to be shown that the fertility test is a sensitive index of chronic toxicity.

That fertility studies may be useful was suggested by work with parathion

(o , o-diethyl-p-nitrophenylthiophosphate) (26). Whereas at dose levels of 20

ppm. and 10 ppm. there was no effect on the life span, food intake, growth or

histological findings, fertility was affected. Rats on 20 ppm. had small litters and

raised fewer young. At 10 ppm. reproduction was normal in the first generation

but the second generation also raised fewer young. The difficulty of assessing the

significance of such a finding in a chronic toxicity test was pointed out. In the

past two years as t.he result of the work of Frawley, Hagan and Fitzhugh (112)
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with parathion, and personal observations with some other organo-phosphorus

compounds, it has become apparent that levels of 20 and 10 ppm. of parathion

and other anticholinesterases will produce considerable lowering of blood and

tissue cholinesterases. The fertility study therefore may have given the right

answer about the chronic toxicity of parathion.

Factors controlling fertility, like those affecting growth, must be numerous and

complex. The occasional recording of an unexpected variation (26, 97) may sug-

gest that fertility is a sensitive index that might be of value in this type of test.

In our present state of knowledge it is difficult to interpret such findings if they

appear to be in conflict with other observations.

5.2. Metabolism of Toxic Substance

Much work has been done on the metabolism of foreign chemical substances

introduced into the animal body. The reader is referred to the book by Williams

(311), and more than 40 papers by him and his co-workers in the Biochemical

Journal. Thorpe and his colleagues have published work on similar lines and have

recently discussed the kinetics of these “detoxification” mechanisms (45).

Comparatively little work of this kind has been done by those conducting long

term studies on toxicity.

In mentioning a few examples, the purpose is to suggest that work along

these lines might well lead to the acquisition of a more satisfactory understanding

of “toxicity” than will ever be learned from conventional studies of histological

or haematological changes in an ageing population of experimental animals.

Yant and his colleagues (318) showed that the ratio of organic to inorganic

sulphates in the urine changed very radically when dogs were exposed to benzene.

This change was observed long before the blood picture was disturbed. The

increase in the amount of organic sulphates represented the excretion of some of

the benzene in a “detoxified” form. They found that this “detoxification” was

disturbed if the liver of the animals was injured by exposure to carbon tetra-

tetrachloride. The dogs exposed to benzene continued to excrete increased quanti-

ties of organic sulphates as long as they were exposed, e.g., up to 250 days.

Studying the excretion of organic sulphates by rabbits exposed to monomethyl-

aniline, Treon et al. (298) found that it rose as soon as the animals were exposed

but fell again a few weeks later despite continued daily exposure. If the rabbits

were removed from monomethylaniline and later re-exposed the same thing

happened. No evidence was presented to show that injury to the liver was re-

sponsible for this change in the exposed rabbits.

It is natural that dietary factors have been linked with the ability of an animal

to metabolize a foreign compound. Rats fed 0.3 per cent biphenyl in a diet con-

taining only 5 per cent protein do not grow as well as controls on a similar low

protein diet. If methionine or cysteine were added to the diet containing biphenyl

normal growth was resumed (308). The metabolites of biphenyl were not identi-

fied but it is not unreasonable to assume that the added amino acids played some

part in the mechanism for diposing of biphenyl. Rats fed a high-fat diet are more

susceptible to chronic poisoning by trinitrotoluene (TNT) than rats on a high
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protein or high carbohydrate diet. On the fat diet, liver lesions were consistently

seen (148). It was suggested that the high fat diet prevented the animal from

metabolizing TNT adequately because these animals excreted a bright red urine

in contrast to the pink urine of rats on the other diets also receiving TNT. The

nature of the metabolite was not identified.

In the study of the chronic toxic effects of DDT and other stable chlorinated

hydrocarbon insecticides, considerable attention has been paid to the differing

tendencies of the compounds to accumulate in the fat both of animals receiving

them in their diet and in man (72, 104, 111, 178, 179, 180, 182, 223).

There is no evidence that DDT exerts any toxic effect while it remains in the

fat, though its presence in high concentration in the lipoid of the ovary (293) is

of interest. Apart from the well-known propensity of heavy metals to be de-

posited in bone, little has been done on the storage of other toxic compounds

in the tissues of animals, and it is difficult to know whether the insecticides are

really in a class apart in this particular respect.

Metabolic and chemical studies along these lines obviously offer possibilities

of obtaining quantitative data for making comparisons of the t.oxicities of different

materials.

5.3. Carcinogenesis

A major fear of the toxicologist is that some compound that has proved to

be relatively non-toxic may subsequently be found to be carcinogenic in man.

There is no relationship between the toxicity and carcinogenicity of chemical

compounds, and as a rule the toxic dose of a carcinogen is higher than the carcino-

genic dose (142). The long delay between exposure and the development of

tumours in man is illustrated by the fact that bladder cancer follows 10 to 12

years after exposure to beta-naphthylamine (126), and the bone tumours in

radium dial painters took 10 years or more to develop (196). This means that

exposure t.o an unsuspected carcinogen may be extensive and prolonged before

the existence of the danger becomes evident. The experimental study of cancer is

a highly specialized field. The problem has been largely evaded by the designers

of ideal toxicity tests. However, it may be of some help to mention some of the

problems as seen by workers outside the field of carcinogenesis, and refer the

reader to available reviews (60, 64, 172, 314).

In Sections 3.2, 3.3 and 3.4, above, in the discussion of factors that influence

toxicity, ment.ion was made of some effects of sex, age and diet on the develop-

ment of t.umours and these factors will not be discussed further. The route of

administration and the solvents and vehicles used (relatively unimportant in

chronic toxicity testing) may be of paramount importance in studies of carcino-

genesis. It should be remembered that there is a difference in purpose between

the cancer investigator on the one hand who is anxious to obtain standardized and

reproducible experimental methods to study the mode of action of carcinogens,

and the toxicologist who wishes to know if his compounds are carcinogenic under

any of the likely conditions of exposure. The methods of administration and the

solvents used in studies on chemical carcinogenesis may involve experimental
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elaboration beyond the scope of �outine toxicity testing. These remarks apply

particularly to investigations of the polycylic aromatic hydrocarbons which form

the most numerous and most widely studied group of chemical carcinogens.

With the polycyclic hydrocarbons tumours are usually obtained after local im-

plantation in the brain, stomach wall, bladder, etc., and in these experiments it

has been found that the solvent or vehicle used for administration can enhance

01� inhibit tumour production (68, 79, 314). The concept of cocarcinogenesis

developed by Berenblum (32, 33, 34) postulates two factors acting together,

the carcinogen, which converts normal cells into latent tumour cells, and the co-

carcinogen, or non-specific irritant, which stimulates the development of the

latent tumours. This work suggests that some irritant compounds identified as

carcinogens may more strictly be defined as cocarcinogens and the carcinogen

may be undetected in the background. Even if attention is limited to carcinogens

which can be absorbed from the intestinal canal, e.g., acetylaminofluorene, some

other amines and the azo compounds (65), the theoretical and practical difficulties

raised by dietary factors may complicate the picture (Section 3.4).

Species differences in susceptibility to chemical carcinogens are very great.

The mouse is the animal most widely used, as much for its short life span and

high reproductive rate as for its susceptibility to tumours. The rat is less sus-

ceptible to some polycyclic hydrocarbons than the mouse but is more susceptible

to the azo dyes, whereas the rabbit is refractory to liver tumour formation by

the azo dyes. The dog is completely resistant to hydrocarbon carcinogens, but,

apart from man, is the only species developing bladder cancer with beta-naphthyl-

amine. Monkeys have been little used for testing chemical carcinogens; at least

one attempt to produce tumours in this species was unsuccessful (225). It is not

known whether man is more or less susceptible to chemical carcinogens than

other species (96, 139). Hartwell (139) has collected data on 1329 compounds

that have been tested as possible carcinogens, and 322 of these have been reported

as causing malignant tumours. Despite this profusion of carcinogens there is a

statement of Salter (249) that only three unadulterated agents have proved

carcinogenic to man: radiation, beta-naphthylamine and arsenic. Chemical

compounds outstandingly carcinogenic in rodents are usually ineffective in other

species, and information on them in man is lacking because the drastic experi-

ments have not been done except in an isolated case (67). At present the only

valid evidence of the danger of carcinogenesis in man is carefully analysed

epidemiological date (144, 249).

In experimental work on carcinogenesis it has been found that reproducible

results bearing a quantitative relationship to the dose can be obtained only with

highly inbred strains of mice that are genetically homogenous. These pure strains

of mice have the further advantage that the incidence of spontaneous tumours in

them is known accurately. As a result a number of strains of mice of varying

susceptibility to carcinogens and strains with high and low incidences of par-

ticular tumours have become available (17). Such strains of mice have rarely

been used in chronic toxicity tests. Smyth and his colleagues reported in 1952

(305) a search for a suspected carcinogen in a chemical industry by epidemiologi-
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cal and chemical studies and also by testing the compounds on six strains of mice

with a high and low natural incidence of mammary and pulmonary tumours.

Lushhaugh et at. (193), studying the effect of prolonged exposure to oil fogs,

measured the production of lung tumours in a susceptible strain of mice. A

paper by Smith, Sunderland and Suguira (267) gives an account of a detailed

study of a carcinogenic oil, and the problems of such experiments are discussed.

They used ordinary commercial mice successfully, and the statistical methods for

determining relative potencies are given in an accompanying paper (36) . The

papers just quoted exemplify the technical difficulties and the amount of work

involved in such a study, and are exceptional in their approach. The usual way

in which carcinogens are discovered during chronic toxicity tests is illustrated by

the finding of liver tumours in rats fed Dulcin, an artificial sweetening agent

(105), in rats fed the alkaloids of Senccio jacobaea (66) and the development of

neurinomas of the ears of rats fed ergot at high dosage for two years (102).

Enough has been said to show the difficulty of applying these findings to man.

If the property of carcinogenicity is sought deliberately it may be found more

frequently than when the toxicity test is of a general nature. It is extremely

difficult to interpret the meaning of the occasional tumour arising in the course

of the chronic toxicity test. Most writers are prepared to accept as normal a low

incidence of tumours in their experimental animals, especially if some tumours

also occur in the control groups. An examination of the statistical considerations

in Section 4.7 will show that even a single tumor in one group of 20 animals

may be consistent with a relatively high incidence of tumours. Whether it is

taken as an indication of carcinogenicity or whether it is rejected as a spontaneous

tumour will depend on the judgment of the experimenter. It would be helpful if

all such spontaneous tumours arising in the course of chronic toxicity testing

were recorded so that those interested in experimental cancer production may

investigate the problem further if they feel this to be necessary.

The average chronic toxicity test is an uncertain method of testing a material

for carcinogenicity. Negative findings are of little value, and do not mean the

compound is not carcinogenic even in well designed carcinogenicity tests (139,

256). If a compound is a suspected carcinogen, tests can probably be done best in

an experimental cancer institute, where workers of the necessary experience and

training, and suitable materials and animals, are available.

5.4. Skin Sensitisation

Lesions of the skin produced by chemicals are an important cause of loss of

working time in industry. The capacity to produce such lesions, even in a small

proportion of users, might seriously affect the use of a substance in common

consumer goods.

A study of the acute toxicity of a substance frequently includes an examination

of its irritant properties and its power to penetrate the skin. It is unusual for the

dermal route of absorption to be used to study chronic systemic effects. There

are obvious technical difficulties about applying a material repeatedly to the skin

of animals who are normally covered with a thick fur.
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The main human problem is sensitization. After this has taken place due to

earlier exposure, often without any obvious reaction in the skin, exposure to

even small quantities of the offending material causes a disproportionately

extensive and prolonged response. This is not a manifestation of chronic toxicity

in the context of this review.

Techniques for producing sensitization in experimental animals have been

described (176), but this type of experiment. can be done more readily and in-

expensively on large numbers of human subjects, and this will provide a direct

answer to the question (271).

6. ASSESSMENT OF HUMAN HAZARDS

The discussion and conclusions are the most unsatisfactory and disappointing

sections of many of the papers describing tests for chronic toxicity. It. is there-

fore appropriate that some of the difficulties of interpretation should be outlined.

These difficulties may be discussed under the following heads.

(a) Interpretation of positive findings. Much that. has beeii written above

points to the difficulties in recognising positive effects attributable to the material

under test. False positives may be difficult to avoid. Disturbances of the complex

processes growth and fertility involve so many factors that the primary action

of the t.oxi( material may not be recognised. Even where the positive effect is

simple and unequivocal its significance may l)e doubtful. In Section 5.2 the stor-

age of DDT in tissue fat. was mentioned. Its presence iii the tissues registers the

fact. that. DDT has been ingested and absorbed but there is no evidence that its

presence in tissue fat. exert.s any local or gerieralised toxic effect. The reduction

of the blood cholinesterase activity of a rat by 20 per cent is a clear-cut result

that may follow the feeding of organophosphorus insecticides but there is not

yet any evidence that a lowering of activity to such a degree is in any way

injurious.

A positive effect of the first type may reflect a non-specific effect of the material

under test, which has only become evident under the particular conditions of

the experiment. Comparable observations on man could not therefore he readily

made. Specific effects of the second type may be looked for in man but, if found,

the interpretation of their significance is no less difficult.

(b) Extrapolation to a safe dose. An ideal toxicity test would demonstrate a

positive effect at one dose and an absence of t.his effect at some lower dose. But

in Section 4.7 it was shown that in most experiments a negative finding would

mean that the t.oxic effect was unlikely to occur in more than about 1 in 10

animals. This is scarcely an acceptable risk for man, and every reader may have

his own views about what would comprise an acceptable risk. Vaccination

against smallpox is associated with a mortality of about 1 in 100,000 which is

acceptable for a procedure conferring an obvious benefit upon the individual.

It is difficult to extrapolate the findings on the experimental animals in chronic

toxicity tests for the risk in any part.icular case to be estimated.

In dose-response curves there are rarely any experimental data below the re-

sponse level of 1 in 20, and a study of the frequency distribution below 1 in 20
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would require the use of thousands of animals. Hemmingsen (143) used 19,000

mice in insulin assays but stated that very high and very low percentages of

response were unreliable and were omitted. That simple extrapolation may be

misleading is exemplified by the work of Bliss (37). Studying the effects of carbon

disulphide on Tribolium confusum he found a straight line relationship between

the log dose and response down to the level of 33 per cent response, but below

this there was a significant change in the slope. Bliss stated that there was inde-

pendent evidence that the effect of low doses was qualitatively different from

that of high doses. This may be true of the action of toxic substances on higher

animals. A practical solution to this problem has been the use of the 100-fold

margin of safety by which is meant that substances to be used in food should

show no effect in animals when fed at a dose at least 100 times greater than the

likely human daily dose. This is a sensible suggestion but its acceptance should

not obscure the fact that it has no experimental or theoretical basis. Its intro-

duction has led to some rather irrational experimental practices (Section 3.3.3)

and it should not be accepted uncritically in the design of toxicity tests.

(c) Extrapolation from animals to man. An assumption in toxicity testing is

that the response of man to toxic agents is sufficiently similar to that of animals

to make the experiments worth doing, and the findings derived from them in

some way applicable to man. Some dangers in making this assumption have been

suggested in discussing species differences in response (Section 3.2.2).

There are remarkably few quantitative data on the effects of toxic agents on

man. While it would be possible to quote examples where man was either more or

less sensitive than one or more species of animals to the acute effects of different

poisons, no generalizations are possible. While man appears to be more sensitive

to the chronic effects of fluoride, ergot and beryllium, very little is known about

other materials.

Man may appear more sensitive than animals to the effects of a poison because

different criteria of toxicity are used. Thus giddiness, headaches and irritability,

which are the signs of trichloroethylene poisoning (288) in man, would not be

detected in an experimental animal. Many dangerous chemicals are used in in-

dustry, and to protect the worker exposed to them maximum allowable concen-

trations of dusts, mists and vapours in the air have often been specified. These

may have been established on the basis of observations made in factories, and

especially by studying the conditions under which accidents have occurred (158).

Sometimes they have been based on the findings from laboratory tests. Greater

weight is given to data however scanty on man (253), and some see very little

value in animal experiments designed for this purpose (294). In one instance a

suggested permissible concentration was barely safe for rats (86). No allowance

was made for the possibility that man might be more sensitive.

If the narcotic doses of a number of solvents (185) for man and animals are com-

pared, the impression is certainly one of uniformity rather than diversity in

species sensitivity, but this may not necessarily apply to the remote toxic effects

of these chemicals. There is a tendency for the maximum allowable concentration

to be lowered progressively as evidence of human poisoning accumulates (132).
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This reflects greater experience as a bigger and bigger population is examined,

and the detecting of susceptible individuals at the tail end of the frequency

distribution curve becomes possible. An idiosyncrasy such as that leading to

agranulocytosis would be a serious problem if it occurred with a frequency of 1 in

20. There is no chronic toxicity test that will reveal whether a drug possesses this

propensity to produce agranulocytosis. Each compound newly incriminated as

its use becomes widespread provides another unpleasant surprise. The problem

facing the administrator who controls the addition of chemicals to food is more

difficult than that which faces the man responsible for the health of a small work-

ing population. The chances of detecting toxic effects or of attributing them to the

proper cause becomes extremely difficult in the general population. On the one

hand the administrative agency may face charges that many of the ills of the

community are due to the presence of chemicals permitted in food. While on the

other hand, the addition of more compounds is urged in order that the food

industry may continue to meet more effectively the challenge of an increasingly

complex civilization. Toxicity tests on animals will not of themselves provide an

answer to these problems.

(d) Negative findings. Negative findings are more difficult to interpret than

positive findings. Any negative finding is extremely vulnerable to the criticism

that a positive answer would have been obtained had t.he test been done differ-

ently. In Section 4.7 the statistical adequacy of negative findings has been

discussed. In many cases it would appear that t.ests with apparently inert ma-

terials have been initiated solely on the grounds of administrative expediency as

a final trial on some material proposed for use in human food.

Enough has been said to show that there are many difficulties in the interpreta-

tion of chronic toxicity experiments and that extrapolation from these experi-

ments on animals to the human population is a matter of guesswork. Unless this

is fully recognised the simple chronic toxicity test will be given a status beyond

its merits, and the number of tests multiplied to the detriment of more rational

methods of studying the possible noxious effects of mat.erials to which man is

likely to be exposed.

7. CONCLUSIONS

In their final report to the U. S. Congress, the Delaney Committee investi-

gating the “Use of Chemicals in Food and Cosmetics” expressed their con-

viction that “chemicals have been utilised in and on the food supply of the

Nation without adequate and sufficient testing of their long-range injurious

effects” (76). They recommended legislation to ensure that t.he public was safe-

guarded by making it compulsory to have adequate tests carried out before an

article reached the market. A possible sequel to such legislation would he the

adoption of some standard form of toxicity testing. Such a danger was recognised

by at least one expert who gave evidence before this Committee when he stated

(p. 749) “Investigations of this type make heavy demands upon the general

technical knowledge and experience of the investigator whose interest in a prob-

km and whose ingenuity in approaching it should not he thwarted by the neces-
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sity of adhering to a stereotyped procedure for the sake of obtaining uniform

data on toxicity for comparative purposes,” and (p. 757) “. . . I would not wish

to be bound by anybody’s specifications as to what is necessary to establish the

facts with reference to the safety of this or that” (164). This is valid criticism of

any stereotyped toxicity test. A second criticism is that the conventional type of

chronic toxicity test is not the best way of providing safeguards against human

poisoning. The assessment of a toxic hazard can be properly based only on some

knowledge of the fate and behaviour of a compound after its introduction into the

body. A study of the absorption, distribution and elimination of a compound

might take longer and prove more exacting than a routine feeding test. But such

work would lead logically to biochemical and physiological studies. This approach

would be scientific in contrast to the empirical method of chronic toxicity tests.

The criteria used in the routine type of feeding or inhalation tests are complex

and little understood. A disturbance of growth or fertility or even an increased

mortality adds little to our knowledge of the mode of action of a toxic material.

The value of such criteria is further depreciated by the fact that they are appar-

ently so insensitive as indices of poisoning.

With some knowledge about the behaviour of a compound in laboratory

animals, it becomes possible to consider means of finding out how the same com-

pound behaves when given to man. Only when some information of this kind is

available would it be worth considering that t.he results of long-term feeding

experiments in animals have any bearing on the problem with regard to man.

There would appear to be a much bigger place for the subacute type of test on

animals in order to find out just what biological processes are disturbed. Tests of

longer duration have little value until something is known about the mode of

action of a compound, so that the effect.s of such an action can, if desired, be

studied specifically over long periods. Into this category would fall the tests

carried out for careinogenicity.

The value of routine long-term feeding tests as measures of administrative

expediency is not a question for discussion here. The use of such an experimental

approach should not be confused with a scientific attack on a difficult problem.

Acknowledgements

We would like to thank Professor J. H. Gaddum for his advice and comments

on the review and Professors A. Haddow and E. Boyland for help with the section

on carcinogenesis.

REFERENCES

I. ADAMS, E. M., SPENCER, H. C., ROWE, V. K. AND IRISH, D.D.: Vapour toxicity of 1,1, 1-trichloroethane (methyl

chloroform) determined by experiments on laboratory animals. Arch. Indust. Hyg., 1: 225-236, 1950.

2. ADAMS, E. M., SPENCER, H. C., ROWE, V. K., MCCOLLISTER, D. D. AND IRISH, D. D.: Vapour toxicity of tn.

chloroethylene determined by experiments on laboratory animals. Arch. Indust. Hyg., 4: 469-481, 195!.
3. ADAMS, E. M., SPENCER, H. C., ROWE, V. K., MCCOLLISTER, D. D. AND IRISH, D. D.: Vapour toxicity of carbon

tetrachioride determined by experiments on laboratory animals. Arch. Indust. Hyg., 6: 50-66, 1952.

4. ADAMs, W. L.: Comparative toxicity of chloral alcoholate and chloral hydrate. J. Pharmacol. & Exper. Therap.,
78: 340-345, 1943.

5. ALDRIDGE, W. N. AND BARNES, J. M.: Some problems in assessing the toxicity of the ‘organo-phosphorus’ in-

secticides towards IOaIIiIiIRIP. Nature, London, 169: 345-347, 1952.

6. ALDRIDGE, W. N., BARNES, J. M. AND DENZ, F. A.: Experimental beryllium poisoning. Brit. J. Exper. Path.,

30: 373-389, 1949.



CHRONIC TOXICITY 233

7. ALFREDSON, B. V., STIEFEL, J. R., THose’, F., BATEN, W. D. AND GRAY, M. L. : Toxicity studies on alkyl dimethyl
benzyl ammonium chloride in rats and in dogs. J. Am. Pharm. A. (Scient. Ed.), 40: 263-267, 1981.

8. ALVAREZ, W. C. : The absorption of hydrocarbon oil in the small intestine. Gastroenterology, 9: 315-317, 1947.
9. AMBROSE, A. M. : Toxicological Studies of compounds investigated for use as inhibitois of biologic processes.

III. Toxicity of propylene glycol diproprionate. Arch. Indust. Hyg., 3: 48-51, 1951.

10. AMaaosE, A. M. : Toxicologic Studies of compounds investigated for use as inhibitors of biologic processes. IV.
Toxicity of 1,3-dimethyl-4,6-bis(chloromethyl) benzene. Arch. Indust. Hyg., 3: 52-56, 1951.

11. AMBRosE, A. M. : Acute and chronic toxicity of potassium acid saccharate. J. Am. Pharm. A. (Scient. Ed.), 40:

277-279, 1951.

12. AMBROSE, A. M., DEEDS, F. AND Cox, A. J., JR. : The effect of high fat diet on chronic toxicity of dennis and

rotenone. J. Pharmacol. & Exper. Therap., 78: 90-92, 1943.

13. As&BaosE, A. M., DEEDS, F. AND RATHER, L. J. : Toxicity of t.hioacetamide in rats. J. Indust. Hyg. & Toxicol.,

31: 158-161, 1949.

14. AMBROsE, A. M. AND HAAG, H. B. : Toxicological study of dennis. Indust. & Engin. Chem., 28: 818-821, 1936.
15. ANDERsON, R. C., HARRIS, P. N. AND CHEN, K. K. : Toxicological studies on synthetic glycerin. J. Am. Pharm.

A. (Scient. Ed.), 39: 583-585, 1980.
16. ANDERSON, R. C., HENDERSON, F. G. AND CHEN, K. K. : The rat as a suitable animal for the study of prolonged

medication. J. Am. Pharm. A. (Scient. Ed.), 32: 204-208, 1943.

17. ANDERVONT, H. B. : Susceptibility of mice to spontaneous, induced and transplantable tumours: Comparative

study of eight strains. Pub. Health Rep., 53: 1647-1665, 1938.

18. ANDERVONT, H. B. AND EDWARDS, J. E. : Hepatic changes and subcutaneous and pulmonary tumors induced by
subcutaneous injection of 3,4,5,6 dibenzcarbazole. J. Nat. Cancer Inst., 2: 139-149, 1941.

19. ARANOW, H., ENGLE, E. T. AND SPERRY, W. M. : Some effects of the administration of thiouracil to monkeys.
Endocrinology, 38: 331-336, 1946.

20. ABDELL, S. A. : Reproduction. Ann. Rev. Physiol. , 12: 537-556, 1950.

21. BACRARACH, A. L. AND CHANCE, M. R. A. : Inter-litter variability as a source of error in gonadotrophin assay.

Quart. J. Pharm. & Phanmacol., 18: 10-14, 1945.
22. BADGER, G. M. AND LEWIS, 0. E. : The carcinogenic azo-compounds: chemical constitution and carcinogenic ac-

tivity. Bnit. J. Cancer, 6: 270-292, 1982.

23. BAETJER, ANNA M. : Chronic exposures to air pollutants and acute infectious respiratory diseases. Arch. Indust.
Hyg., 2: 400-406, 1950.

24. BAETJER, ANNA M. AND VINTINNER, F. J. : The effect of silica and feldspar dusts on susceptibility to lobar pneu-

monia. Animal experiments. J. Indust. Hyg. & Toxicol., 26: 101-108, 1944.

25. BARGER, G. : Ergot and Ergotism. Gurney and Jackson, London, 1931, p. 26.

26. BARNEs, J. M. AND DENZ, F. A. : The chronic toxicity of p-nitrophenyldiethylthiophosphate (E. 608), a long-

term feeding experiment with rats. J. Hyg., 49: 430-441, 1951.

27. BARNES, J. M. AND DENZ, F. A.: Experimental demyelination with ongano-phosphonus compounds. J. Path. &

Bact., 65: 597-605, 1953.

28. BARRETT, H. M., MACLEAN, D. L. AND CUNNINGHAM, J. G.: A comparison of the toxicity of carbon tetlachlonlde

and tnichlorethylene. J. Indust. Hyg. & Toxicol., 20: 360-379, 1938.

29. BAyER, R. 0. AND LEHMAN, A. J.: Chronic toxicity studies on methylcellulose in rats. J. Am. Pharm. A. (Scient.

Ed.). 40: 257-260, 1951.

30. BAXTER, J. H.: Hepatic and renal injury with Ca deposits and cirrhosis produced in rats by pynidine. Am. J.
Path., 24: 03-525, 1948.

31. BENNETT, G. A., DRINKER, C. K. AND V�ARREN, M. F.: Morphological changes in the livers of rats resulting

from exposure to certain chlorinated hydrocarbons. J. Indust. Hyg. & Toxicol., 20: 97-123, 1938.

32. BERENBLUM, I.: Co-carcinogenesis. Brit. M. Bull., 4: 343-344, 1947.

33. BERENBLUM, I. AND SHUBIK, P.: Role of croton oil applications, associated with single painting of carcinogen,

in tumour induction of mouse’s skin. Brit. J. Cancer, 1: 379-382, 1947.

34. BERENBLUM, I. AND SHUBIK, P.: Experimental study of initiating stage of cancinogenesis, and re-examination

of somatic cell mutation theory of cancer. Bnit. J. Cancer, 3: 109-118,1949.
35. BLACK, S., OVERMAN, R. �., ELVEHJEM, C. A. AND LINK, P.: The effect of sulfaguanidine on rat growth and

plasma prothrombin. J. Biol. Chem., 145: 137-143, 1942.

36. BLANDING, F. H., KING, W. H., JR., PRIESTLEY, W., JR. AND REHNER, J.: Properties of high-boiling petroleum
products. Quantitative analysis of tumour-response data obtained from the application of refinery products

to the skin of mice. Arch. Indust. Hyg., 4: 335-345, 1951.

37. BLISS, C. I.: The calculation of the dosage-mortality curves. Ann. Appl. Biol., 22: 134-167 and 307-333, 1935.

38. BLISS, C. I. AND CATFELL, McK.: Biological Assay. Ann. Rev. Physiol., 5: 479-539, 1943.
39. BONSER, G. M.: Induction of tumours by injected methylcholanthrene in mice of a strain especially sensitive

to carcinogenic agents applied to the skin, and a comparison with some other strains. Am. J. Cancer, 38: 319-

327, 1940.
40. BOUGHTON, L. L.: Relative toxicity of ethyl and isopropyl alcohols as determined by long term rat feeding and

external application. J. Am. Pharm. A. (Scient. Ed.), 3.3: 111-113, 1944.
41. BOUTWKLL, R. K., BRUSH, MIRIAM, K. AND RAUSCH, H. P.: The stimulating effect of dietary fat on cancino-

genesis. Cancer Res., 9: 741-746, 1949.

42. B0YLAXD, E. AND WARREN, F. L.: The induction of tulnours by methylcholanthrene in two strains of mice. J.

Path. & Bact., 45: 171-177, 1937.



234 � BARNES AND BENZ

43. BRANION, H. D., GUYATr, B. L. AND KAY, H. D.: Beryllium rickets. J. Biol. Chem., 92: xi, 1931.
44. BRATTON, A. C., JR. : A short-term chronic toxicity test employing mice. J. Pharmacol. & Exper. Therap., 85:

111-118, 1945.

45. BRAY, H. G., THORPE, W. V. AND WHITE, K. : Kinetic studies of the metabolism of foreign organic compounds.

Biochem. J., 52: 423-430, 1952.
46. BRIGGS, G. M. AND PHILLIPS, P. H. : Developfnent of fluorine toxicosis in the rabbit. Proc. Soc. Exper. Biol. &

Med., 80: 30-33, 1952.
47. BROWNING, E. : Toxicity of industrial organic solvents. Report No. 80. H.M.S.O., London. 1937.

48. BURR, G. 0. AND BARNES, R. H. : Non-caloric functions of dietary fats. Physiol. Rev., 23: 256-278, 1943.
49. CALVERY, H. 0. : Chronic effects of ingested lead and arsenic. J.A.M.A., 111: 1722-1728, 1938.

50. CALVERY, H. 0. : Safe-guarding food and drugs in wartime. Am. Scient. 32: 103-119, 1944.
51. CALVERY, H. 0. AND KLtTMPP, T. G. : The toxicity for human beings of diethylene glycol with sulfanilamide.

South. M. J., 32: 1105-1109, 1939.
52. CALVERY, H. 0., LAUG, E. P. AND Moaars, H. J. : The chronic effects on dogs of feeding diets containing lead

acetate, lead arsenate and arsenic tnioxide in varying concentrations. J. Pharmacol. & Exper. Therap., 64:

364-387, 1938.

53. CAMERON, G. R. : Pathology of the cell. Oliver & Boyd, Ltd., Edinburgh, 1952, p. 429.
54. CAMERON, G. R. AND CHENG, K. K. : Failure of oral DDT to induce toxic changes in rats. Bnit. 31. J., 11: 819-

821, 1951.

56. CAMERON, G. R., COORAY, G. H. AND DE, S. N. : The effect of castration on the action of some barbiturates. J.

Path. & Bact., 60: 239-246, 1948.

56. CARPENTER, C. P. : The chronic toxicity of tetrachlorethylene. J. Indust. Hyg. & Toxicol., 19: 323-336, 1936.

57. CARPENTER, C. P., CRITCHYIELD, F. H., NAIR, J. H., III asiD SCHAF’FER, C. B. : Toxicology of two butoxypoly-
propylene glycol fly repellents. Arch. Indust. Hyg., 4: 261-269, 1951.

58. CARPENTER, C. P., SHAFFER, C. D., WElL, C. S. AND SMYTH, H. F., JR. : 5tudies on the inhalation of 1,3-bu-

tadiene; with a comparison of its narcotic effect with benzol, toluol and styrene and a note on the elimination
of styrene by the human. J. Indust. Hyg. & Toxicol., 26: 89-78, 1944.

59. CARPENTER, C. P., WElL, C. S. AND SMYTH, H. F., JR. : Toxicity of an imidazoline (on glyoxalidine) fungicide.

Arch. Indust. Hyg., 4: 494-504, 1951.

60. Chemical Carcinogenesis. Bnit. M. Bull., 4 : 309-426, 1947.

61. CHEN, K. K., POWELL, C. E. AND MAZE, N. : The response of the hamster to drugs. J. Pharmacol. & Exper.
Therap., 85: 348-355,1945.

62. CHENOWETH, 51. B. : Monofluoroacetic acid and related compounds. Pharmacol. Rev., 1: 383-424, 1949.

63. CHENOWETH, M. B. AND OILMAN, A. : Pharmacology of fluoroacetate. 1. Species response to fluoroacetate. J.
Pharmacol. & Exper. Therap., 87: 90-103, 1946.

64. CooK, J. W.: Special Report on Chemistry and Cancer, Royal Institute of Chemistry, 1943.

65. COOK, J. W.: Azo-dyes and experimental liver tumours. Brit. J. Nutrition, 1: 245-253, 1947.
66. CooK, J. W, DUFFY, E. AND SCROENTAL, R.: Primary liver tumours in rats following feeding with alkaloids

of Senecio jacobaea. Bnit. J. Cancer, 4: 405-410, 1950.

67. COTrINI, 0. B. AND MAZZONE, G. B.: The effects of 3,4-benzopyrene on human skin. Am. J. Cancer, 37: 186-

195, 1939.

68. CRABTREE, H. U.: Anti-carcinogenesis. Brit. M. Bull., 4: 345-347, 1947.
60. CREIGHTON, C.: A history of epidelnics in Britain from AD 664 to the extinction of plague. University Press,

Cambridge, 1891.

70. DALLEMAGNK, M. J., GKREBTZOFF, M. A. AND PHILIPPOT, E.: Fat deposits in the kidney in chronic intoxication

of the dog by hexachlorocyclohexane. Science, 112: 148, 1950.

71. DALTON, A. J., MORRIS, H. P., STRIEBICH, M. J. AND DUBRICK, C. 5.: Histological changes in strain C mice fol-
lowing long-term ingestion of thiouradil. J. Nat. Cancer Inst., 11: 391-413, 1950.

72. DAVIDOW, B. AND RADOMSKI, J. L.: Isolation of an Epoxide metabolite from fat tissues of dogs fed heptachlor.

J. Pharmacol. & Exper. Therap., 107: 259-265, 1953.

73. DAY, P. L.: The nutritional requirements of primates other than man. Vitamins and Hormones, 2: 71-106, 1944.

74. DEICHMANN, W. B. AND WITHERUP, S.: Observations on the ingestion of methyl cellulose and ethyl cellulose in
rats. J. Lab. & Chin. Med., 28: 1725-1727, 1943.

75. DEICHMANN, W. B., WITHERUP, 5., KITZMILLER, K. V. AND HEYROTH, F. F.: The toxicity of DDT The Ketter-

ing Laboratory in the Department of Preventive Medicine and Industrial Health, College of Medicine, Uni-
versity of Cincinnati, 1950, p. 105.

76. DELANEY, J. J.: Investigation of the Use of Chemicals in Foods and Cosmetics. Union Calendar No. 743. Re-
port No. 2356, p. 27. Washington, D. C., 1952.

77. DERNEHL, C. U., NAy, C. A., FRANK, T. M. AND NEIDHARDT, H. W.: Experimental studies on the action of

silica gel catalyst administered to guinea pigs by inhalation. J. Indust. Hyg. & Toxicol., 31: 32-40, 1949.

78. DEUEL, H. J., JR., GREENBERG, S. M., CALBERT, C. E., BAKER, R. AND FISHER, H. R.: Toxicological studies
on isopropyl and steryl citrates. Food Ree, 16: 258-280, 1951.

79. DICKENS, F.: The influence of the solvent on the carcinogenic response. Bnit. M. Bull., 4: 348-353, 1947.

80. DIEKE, SALLY H. AND RICHTER, C. P.: Acute toxicity of thiourea to rats in relation to age, diet, strain and
species variation. J. Pharmacol. & Expen. Therap., 83: 196-202, 1945.

81. DONALD, H. P. AND RAVENTOS, J.: Influence of age and weight of pigs on response to sodium evipan. J. Phar-

macol. & Exper. Therap., 65: 383-388,1939.



CHRONIC TOXICITY 235

82. DRAIZE, J. H., ALVAREZ, E., WHITESELL, M. F., WOODARD, G. , HAOAN, E. C. AND NELSON, A. A. : Toxicological

investigations of compounds proposed for use as insect repellenta. J. Pharmacol. & Exper. Therap., 93: 26-39

1948.
83. DRAIZE, J. H., NELSON, A. A. AND CALVERY, M. 0. : The percutaneous absorbtion of DDT (2,2-bis(p-chloro-

phenyl) 1, 1, 1-trichloroethane) in laboratory animals. J. Pharmacol. & Exper. Therap., 82: 159-166, 1944.
84. BRAIZE, J. H., WOODARD, G., FITZHUGH, 0. G. NELSON, A. A., SMITH, R. B., Jr. AND CALVERY, H. 0. : Sum.

mary of toxicological studies of the insecticide DDT (2,2-bis(p-chlorophenyl) 1,1, 1-tnichiorcethane). Chem.

& Eng. News, 22: 1503-1504, 1944.

. 85. DRILL, V. A. : Hepatotoxic agents: mechanism of action and dietary inter-relationship. Pharmacol. Rev., 4:

1-42, 1952.

86. BRINKER, C. K. : Further observations on the possible systemic toxicity of certain chlorinated hydrocarbons
with suggestions for permissible concentrations in the air of workrooms. J. Indust. Hyg. & Toxicol., 21: 155-

169, 1939.
87. DRINKER, C. K., WARREN, M. F. AND BENNETT, G. A. : The problem of possible systemic effects from certain

chlorinated hydrocarbons. J. Indust. Hyg. & Toxicol., 19: 283-311, 1937.
88. DUDLEY, H. C., SWEENEY, T. R. AND MILLER, J. W. : Toxicology of acrylonitrile (Vinyl cyanide). II. Studies

of effects of daily inhalation. J. Indust. Hyg. & Toxicol., 24: 255-258, 1942.

89. DUNN, M. S., MURPHY, E. A. AND ROCKLAND, L. B. Optilnal growth of the rat. Physiol. Rev., 27: 72-94, 1947.

89a. EDSON, E. F. : Personal communication.

90. EDWARDS, H. M., CUNHA, T. J., MEADOWS, G. B., SEWELL, R. F. AND SHAWVER, C. B. Observations on
Aureomycin and APF for the pig. Proc. Soc. Exper. Biol. & Med., 75: 445-446, 1950.

91. ELY, C. M. AND ScHos-r, 5. : Surface active agents as growth stimulators in chick rations. World’s Poultry Science

Journal, 8: 133-144, 1952.

92. EMMENS, C. W. : The response of inbred mice to oeetrone. J. Endocrinol., 1: 373-377, 1940.

93. EVANS, R. D., HARRIS, R. 5. AND BUNKER, J. W. M. : Radium metabolism in rats and the production of oeteo-
genic sarcoma by experimental radium poisoning. Am. J. Roentgenol., 52: 353-373, 1944.

94. FARBER, S. : Animal colony maintenance-financing and budgeting-viewpoint of the University. Ann. New

York Acad. Sci., 46: 107-113, 1945.
95. FARRIS, E. J. : The rat as an experimental animal. The Care and Breeding of Laboratory Animals. Edited by

E. J. Ferris. Wiley & Sons, New York and London. 1950, pp. 43-78.

96. FIE5ER, L. F. : Hydrocarbon carcinogenesis, Research Conf. Cancer., A.A.A.5., Gibson Island, 1944, pp. 108-116.
97. FITZHUGH, 0. G. : Use of DDT insecticides on food products. Indust. & Engin. Chens., 40: 704-705, 1948.
98. FITZHUGR, 0. 0. AND NELSON, A. A.: The chronic oral toxicity of DDT (2,2-bis(p-chlorophenyl.l, 1, l-tnichloro-

ethane). J. Pharmacol. & Exper. Therap., 89: 18-30, 1947.
99. FITZRUGH, 0. G. AND NELSON, A. A.: Chronic oral toxicities of surface-active agents. J. Am. Pharm. A. (Scient.

Ed.)., 37: 29-32, 1948.

100. FITZRUGH, 0. G., NELSON. A. A. AND BLISS, C. I.: Chronic oral toxicity of selenium. J. Pharmacol. & Exper.

Therap., 80: 289-299, 1944.

101. FITZBUGR, 0. G., NELSON, A. A. AND CALvERY, H. 0.: Rancid fat in experimental diets. Proc. Soc. Exper. Biol.
& Med., 56: 129-131, 1944.

102. FITZHUGH, 0. G., NELSON, A. A. AND CALVERY, H. 0.: The chronic toxicity of ergot. J. Pharmacol. & Exper.

Therap., 82: 364-376, 1944.

103. FrrzsmoH, 0. 0., NELSON, A. A. AND CALVERY, H. 0.: The chronic toxicity of quinacrine (atabrine). J. Phar-

macol. & Exper. Therap., 85: 207-221, 1945.
104. FITZEUGH, 0. 0., NELSON, A. A. AND FRAWLEY, J. P.: The chronic toxicities of technical benzene hexachloride

and its alpha, beta and gamma isomers. J. PharmacoL & Exper. Therap., 100:59-66, 1950.

105. FrrzuuoR, 0. G., NELSON, A. A. AND FRAWLEY, J. P.: A comparison of the chronic toxicities of synthetic sweet-

ening agents. J. Am. Pharm. A. (Scient. Ed.), 40: 583-586, 1951.
106. FITZRUGH, 0. 0., NELSON, A. A. AND HOLLAND, 0. L.: The chronic toxicity of thiourea. Fed. Proc., 7: 218-219,

1948.

107. FITZHUGH, 0. G., NELSON, A. A. AND HOLLAND, 0. L.: The chronic toxicity of chloroquine. J. PharmacoL &

Exper. Therap., 93: 147-152, 1948.

108. FITZHUGII, 0. 0., NELSON, A. A., LAUG, E. P. AND KUNZE, F. M.: Chronic oral toxicities of mercuri-phenyl

and mercuric salts. Arch. Indust. Hyg., 2: 433-442, 1950.

109. FLANAGAN, T. L., SAX, M. F. AND HEMING, A. E.: Toxicity studies on amberlite XE-96, a carboxylic type

cation exchange resin. J. Pharmacol. & Exper. Therap., 103: 215-221, 1951.

110. Food Protection Committee, National Research Council. Basic considerations in the development and market-
ing of a new agricultural pesticide intended for use in connection with food production. Washington, D. C.,
1952.

Ill. FRAWLEY, J. P. AND FITZHUGR, 0. G.: Factors affecting tissue distribution following oral ingestion of lipid soluble

substances. Fed. Proc., 9: 273, 1950.

112. FRAWLEY, J. P., Haoass, E. C. AND FITZHUOH, 0. G.: A comparative pharmacological and toxicological study

of organic phoephate-anticholinesterase compounds. J. Pharmacol. & Expen. Therap., 105: 156-165, 1952.
113. FRAZER, A. C.: Synthetic chemicals and the food industry. J. Sri. Food Agnic., 2: 1-7, 1951.

114. FRAZER, A. C.: The medical risks for the consumer and how they can best be minimized. Proc. Roy. Soc. Med.,

45: 681-684, 1952.



236 BARNES AND BENZ

115. FRAZER, A. C. : Problems arising from the use of chemicals in food. Pharmacological aspects. Chem. & md., 456-.

458, 1952.
116. FRENCH, A. J. AND WELLER, C. V. : Interstitial myocarditis following the clinical and experimental use of act-

fonamide drugs. Am. J. Path., 18: 109-131, 1942.
117. GADDUM, J. H. : Pharmacology. 3rd Ed. Oxford Medical Publications, 1948.

118. GADDUM, J. H. : Bioassays and mathematics. Pharmacol. Rev., 5: 87-134, 1953.
119. GARDNER, L. U. : Reactivation of healed primary tubercles in the lung by inhalation of quartz, granite and car-

borundum dusts. Am. Rev. Tuberc., 20: 833, 1929.
120. GARDNER, L. U., CUMMINGS, D. E. AND DOWD, 0. R. : Experimental inhalation of bituminous coal dust and

its effects upon prilnary tuberculosis infection in guinea pigs. J. Indust. Hyg. & Toxicol., 15: 456, 1933.

121. GARDNER, L. U. AND DwoimsKl, M. : The relatively early lesions produced by the inhalation of marble dust and

their influence on pulmonary tuberculosis. Am. Rev. Tuberc., 6: 782, 1922.
122. GARDNER, L. U. AND MCCRUM, D. S. : Effects of daily exposures to arc welding fumes and gases upon normal

and tuberculous animals. J. Indust. Hyg. & Toxicol., 24: 173-182, 1942.
123. GEIGER, J. C. : A death from a-dinitrophenol poisoning. J.A.M.A., 101: 1333, 1933.

124. GEYER, R. P., GEYER, B. R., DEmISE, P. H., ZINKIN, T., ELVEHJEM, C. A. AND HART, E. B. : Growth studies

with rats kept under conditions which prevent coprophagy. J. Nutrition, 33: 129-142, 1947.

125. GLASSMAN, J. M. AND BUCHAN, R. F.: 2,2-bis(p-chlorophenyl) 1, 1, l-tnichloroethane (DDT). A review of mam-

malian toxicity studies. Occup. Med., 5: 536-560, 1948.

126. GOLDBLATT, W. M. : Occupational Cancer of the bladder. Brit. M. Bull., 4: 405-416, 1947.

l26a. GOLDBLATF, W. 31. : Personal communication.
127. GOURZIS, J. AND BAUER, R. 0. : Chronic toxicity of a purified extract of Veratrum viride. Proc. Soc. Exper. Biol.

& Med., 76: 767-770, 1951.

128. GRANT, R. L., CALVERY, H. 0., LAUG, E. P. AND MoRRIs, H. J. : The influence of cslciuln and phosphorus on
the storage and toxicity of lead and arsenic. J. Pharmacol. & Exper. Therap., 64: 446-457, 1938.

129. GRAY, H. AND ADDIS, T. : Rat colony testing by Zucker’s weight-age relation. Am. J. Physiol., 153: 35-40, 1948.

130. HAAG, H. B., FINNEGAN, J. K., LARSON, P. 5., DRAYFUSS, M. L., MAIN, R. J. AND RIE5E, W. : Comparative
chronic toxicity for warm-blooded animals of 2, 2-bis(p-chlorophenyl) 1, 1 , 1-trichioroethane (DDT) and 2,2.

bis(p-chlorophenyl) 1, l-dichloroethane (DDD). Indust. Med., 17: 477-484, 1948.
131. HANZLIK, P. J., SEIDENFELD, 31. A. AND JOHNSON, C. C. : General properties, irritant and toxic actions of

ethylene glycol. J. Pharmacol. & Exper. Therap., 41: 387-406, 1931.

132. HARDY, H. L. AND ELKINS, H. B. : Medical aspects of maximum allowable concentrations; benzene. J. Indust.

Hyg. & Toxicol., 30: 196-200, 1948.

133. HARRIS, J. S. AND K0HN, H. I. : The chronic toxicity of the sulphonamides for time growing rat as influenced by

the type of diet, the addition of feces to the diet, and appetite. J. Pharmacol. & Exper. Thenap., 78: 56-64,

1943.

134. HARRIs, P. N. , ANDERSON, R. C. AND CHEM, K. K. : The action of alloxan, senecionine, suhfadiazine and thio-

uracil in the hamster. J. Pharmacol. & Exper. Therap., 87: 382-388, 1946.

135. Hi�aais, R. S., SHERMAN, H. AND JETTER, W. W.: Effect of surface active agents when fed in diets to rats.

ced. Proc., 9: 361, 1950.

136. HARRIs, R. S., SHERMAN, H. AND JETTER, W. W.: Nutritional and pathological effects of sorbitan monolaurate,

polyoxyethylene sorbitan Ilmonolaurate, polyoxyethylene monolaurate and polyoxyethylene monoetearate

when fed to rats. Arch. Biocheni., 34: 249-258, 1951.
137. HARRIS, R. S., SHERMAN, H. AND JETTER, W. W.: Nutritional and pathological effects of sorbitan monolaurate,

polyoxyethylene sorbitan monolaurate and polyoxyethylene monolaurate when fed to hamsters. Arch. Bio-

cheln., 34: 259-265, 1951.

138. HARTMAN, C. G.: The Inating of mammals. Ann. New York Acad. Sc., 46: 23-40, 1945.

139. HARTWELL, J. L.: Survey of compounds which have been tested for carcinogenic activity. Federal Security

Agency. U. S. P. H. S. Publication No. 149. 2nd Ed., 1-583, 1951.
140. HAZLETON, L. W. AND HELLERMAN, R. C.: The influence of vehicles on the action of drugs. J. Am. Pharm. A.

(Scient. Ed.), 35: 161-168, 1946.

141. HAZLETON, L. W. AND TALIIERT, K. D.: Factors influencing the cathartic activity of senna in mice. J. Am.
Pharm. A. (Scient. Ed.), 34: 260-264, 1945.

142. HELLER, J. R., JR.: Chelnical carcinogens. Arch. Indust. Hyg., 2: 390-399, 1950.

143. HEMMINGSEN, A. M.: The accuracy of insulin assay on white mice. Quart. J. Pharm. & Pharmacol., 6: 39-80,

1933.

144. HENRY, S. A.: Occupational cutaneous cancer attributable to certain chemicals in industry. Bnit. M. Bull., 4:

389-401,1947.
145. HEPPEL, L. A., NEAL, P. A., PERRIN, T. L., ORR, M. L. AND PORTERFIELD, V. T.: Toxicology of dichloro-

methane (methylene chloride). 1. Studies on effects of daily inhalation. J. Indust. Hyg. & Toxicol., 26: 8-16,

1944.
146. HEPPEL, L. A., PORTERFIELD, V. T. AND SHARPLESS, N. E.: Toxicology of 1,2-dichloroethane (ethylene di-

chloride). J. Pharniacoh. & Exper. Therap., 91: 385-394, 1947.

147. HICKs, S. P.: Brain metabolism in vivo. 11. The distribution of lesions caused by aside, malononitrile, plasmocid

and dinitrophenol poisoning in rats. Arch. Path., 50: 545-561, 1950.

148. HIM5WORTH, H. P. AND GLYNN, L. E.: Experimental tninitrotoluene poisoning; the effect of diet. Chin. Sc., 4:
421-447, 1942.



CHRONIC TOXICITY 237

149. HJORT, A. 31., DEBEER, E. J. AND FASSETT, D. W. : The hypnotic effect of repeated injections of unsymmetrical
ethyl-o-ethylphenylurea in albino rats an�1nfluence of sex thereon. J. Pharmacol. & Exper. Therap., 68:

62-68,1940.
150. HODGE, H. C. : The chronic toxicity of cellulose acetate phthalate in rats and dogs. J. Pharmacol. & Exper.

Therap., 80: 250-255, 1944.

151. HODGE, H. C., MAYNARD, E. A., THouAs, J. F., BLANCHET, H. J. , JR., YSILT, W. G., JR. AND MASON, K. E.:
Short-term oral toxicity tests of methyoxychlor (2,2-di-(p-rnethoxy phenyl)-l, 1, l-trichlorethane) in rats and

dogs. J. Pharmacol. & Expen. Therap., 99: 140-148, 1950.

152. HODGE, H. C., MAYNARD, E. A., WILT, W. G., JR., BLANCHET, H. J., JR. AND HYATT, R. E. : Chronic oral toxicity
of a high gel point methyl cellulose (Methocel HG) in rats and dogs. J. Pharmacol. & Exper. Therap. , 99:
112-117, 1950.

153. HOLCE, H. G. 0. : Dosage of drugs for rats. The Rat in Laboratory Investigation. 2nd Ed. Edited by E. J. Farris

and J. Q. Griffith. Lippincott, Philadelphia, London, Montreal, 1949, pp. 501-405.

154. HOLCK, H. G. 0. AND FINK, L. D. : Influence of sex life upon resistance to nostal and pentobarbital. J. Am.
Pharm. A., (Scient. Ed.), 29: 475-480, 1940.

155. HOLCK, H. 0. 0., KANAN, M. A., MILLS, L. M. AND SMITH, E. L. : Sex-difference in rats in tolerance to certain

barbiturates and to nicotine. J. Pharmacol. & Expen. Therap., 60: 323-346, 1937.

156. HoLcK, H. G. 0., WEEKs, J. R., MATHIESON, D. R. AND Duis, B. : Effects of age and sex upon the margin of

safety of “Delvinal” sodium vinbarbital and of calcium 5-ethyl 5-(2-butyl) N-methyl barbituric acid in the

albino rat. J. Am. Pharm A. (Scient. Ed.), 32: 180-182, 1943.
157. HORNER, W. D. : Dinitrophenol and its relation to the formation of cataract. Arch. Ophth., 27: 1097-1121, 1942.

158. HUDSON, H. H. : Maximum allowable concentrations. Arch. Indust. Hyg., 3: 161-164, 1951.

159. Huvr, F. B. : Genetic purity in animal colonies. Ann. New York Acad. Sc., 46: 5-20, 1945.
160. ICHNIOWSKI, C. T. AND HUEPER, W. C. : Pharmacological and toxicological studies on sahicylamide. J. Am.

Pharm. A. (Scient. Ed.), 35: 225-230, 1946.

161. IRISH, D. D. AND ADAMS, E. M. : Apparatus and methods for testing the toxicity of vapours. Indust. Med.,
9: Induct. Hyg. Sect., 1-5, 1950.

162. JoHNs, C. 0., FINKs, A. J. AND AL5BERG, C. L. : Chronic intoxication by small quantities of cadmium chloride

in the diet. J. Pharniacol. & Exper. Therap., 21: 59-64, 1923.
163. JUKES, T. H. , STOKSTAD, E. L. R., TAYLOR, R. R., CUNHA, T. J. , EDWARDS, H. M. AND MEADOWS, G. B.:

Growth-promoting effect of aureomycin on pigs. Arch. Biochem., 26: 324-325, 1950.

164. KEHOE, R. A. : Chemicals in Food Products. Hearings before the House Select Committee. H. Res., 323: 749-

757, Washington, D. C., 1951.

165. KENNARD, M. A. AND WILLNER, 34. D. : Tuberculosis and tuberculin tests in subhuman primates. Yale J. Biol.

& Med., 13: 795-812, 1941.
166. KE5T0N, H. D., MULINOS, M. G. AND POMERANTZ, L. : Pathologic effects of certain glycols and related corn.

pounds. Arch. Path., 27: 447-465, 1939.

167. KING, E. J. : Siicosis. Lectures on the Scientific Basis of Medicine, 3: 109-138. Athlone Press, University of

London, 1954.

168. KIRBY, A. H. M.: Studies in the carcinogenesis of azo compounds. II. The action of azo compounds in mice and

the bearing thereof on theories of azo dye carcinogenesis. Cancer Res., 5: 683-695, 1945.

169. KOELLE, G. B., OILMAN, A. AND BINZER, B. D.: The chronic toxicity of di-isopropyl fluorophosphate (DFP)

in dogs, monkeys and rats. J. Pharmacol. & Exper. Therap., 87: 435-448, 1946.

170. KREMS, A. D., MARTIN, A. W. AND DILLE, J. M.: Tole�tnce to sulfanilamide in the albino rat. J. Pharmacol.

& Exper. Therap., 71: 215-221, 1941.
171. ICROP, S., GOLD, H. AND PATERNO, C. A.: On the toxicity of hydroacetic acid after prolonged administration:

Comparison with its sodium salt and citric and tartaric acids. J. Am. Pharm. A. (Scient. Ed.), 34: 86-89, 1945.

172. LACASSAGNE, A.: Lee cancers produits par des substances chiniiques exog#{233}nes. Hermann, Paris, 1946.

173. LACKEY, R. W.: Observations on the acute and chronic toxicity of toxaphene in the dog. J. Indust. Hyg. &

Toxicol., 31: 117-120,1949.
174. LANDAHL, H. D. AND BLACK, S.: Penetration of air-borne particulates through the human nose. J. Indust. Hyg.

& Toxicol., 29: 269-277, 1947.
175. LANDAHL, H. D., TRACEwELL, T. N. AND LASSEN, W. H.: On the retention of air-borne particulates in the hu-

man lung. II. Arch. Indust. Hyg., 3: 359-366, 1951.

176. LANDSTEINER, K. AND JACOBS, J.: Sensitization of animals with simple chelnical compounds. J. Expen. Med.,

61: 643-656, 1935.
177. LAUG, E. P. AND FITZHUGH, 0. G.: 2,2-bis(p-chlorophenyl)-l,l,l-tnichloroethane (DDT) in the tissues of

the rat following oral ingestion for periods of six months to two years. J. Pharmacol. & Exper. Therap., 87:
18-23, 1946.

178. LAUG, E. P. AND KUNZE, F. M.: Effect of carbon tetrachloride on toxicity and storage of methoxychlor in the

rat. Fed. Proc., 10: 318, 1951.

179. LAUG, E. P., KUNZE, F. M. AND PRICKETT, C. S.: Occurrence of DDT in human fat and milk. Arch. Indust.
Hyg., 3: 246-246, 1951.

180. LAUG, E. P., NELSON, A. A., FITZHUGH, 0. 0. AND KUNZE, F. 34.: Liver cell alteration and DDT storage in

the fat of the rat induced by dietary levels of I to 50 ppm. DDT. J. Pharmacol. & Exper. Therap., 98:

268-273, 1950.

181. LEHMAN, A. J.: Proof of safety: some interpretations. J. Am. Pharm. A. (Scient. Ed.), 40: 305-308, 1951.



238 BARNES AND BENZ

182. LEHMAN, A. J. : Chemicals ill Foods: A Report to the Association of Food and Drug Officials on current develop-

ments. Part II. Pesticides. Section IV. Biochemistry. Quart. Bull. Asen. of Food & Drug Officials of U. S.,

16: 85-91, 1952.

183. LEHMAN, A. J., LAUG, E. P. , WOODARD, 0., DRAIZE, J. H., FITZHUGH, 0. G. AND NELSON, A. A. : Procedures

for the appraisal of the toxicity of chemicals in foods. Food, Drug, Cosmetic Law Quarterly, 4: 412-434, 1949.

184. LEHMAN, A. J., SCHWERMA, H. AND RICRARD5, E. : Isopropyl alcohol. Acquired tolerance in dogs, rate of dis-
appearance from the blood strealn in various species and effects on successive generations of rats. J. Pharmacol.

& Exper. Therap., 85: 61-69, 1945.

185. LEHMANN, K. B. AND FLL’RY, F. : Toxicology and Hygiene of Industrial Solvents. Williams & Wilkins Co.,

Baltimore, 1943.
186. LEsTER, D. : Formation of methemoglobin. 1. Species differences with acetanilide and acetophenetidine. J. Phar-

macel. & Exper. Therap., 77: 154-159, 1943.

187. LEVEY, S., LASICHAK, A. G., BRuII, R., ORTEN, J. M., SMYTH, C. J. AND SMITH, A. 34. : A study to determine the
toxicity of fumaric acid. J. Am. Pharm. A. (Scient. Ed.), 35: 298-304, 1946.

188. LIDBECK, W. L., HILL, I. B. AND BEEMAN, J. A.: Acute sodium fluoride poisoning. J.A.M.A., 121: 825-827, 1943.
189. LoosLI, J. K. : Feeding laboratory animals. Ann. New York Acad. Sc., 46: 45-70, 1945.

190. LORENZ, E., HESTON, W. E., ESCHENBRENNER, A. B. AND DERINGER, M. K. : Plutonium Project: Biological
studies in the tolerance range. Radiology, 49: 274-285, 1947.

191. LUBITZ, J. A., LEVINE, A. S. AND FELLERS, C. R.: Factors affecting the toxicity of red squill. J. Am. Pharm. A.

(Scient. Ed.), 30: 69-72, 1941.

192. LUEOKE, R. W., MCMILLEN, 34. N. AND THORPE, F., JR. : The effect of vitamin Bit, animal protein factor and

etreptomycin on the growth of young pigs. Arch. Biochem., 26: 326-327, 1950.

193. LUSHBAUGH, C. C., GREEN, J. W. AND REDEMANN, C. E. : Effect of prolonged inhalation of oil fogs on experi-

mental animals. Arch. Indust. Hyg., 1 : 237-247, 1950.

194. MACHLE, W., ScoTT, E. W. AND TREON, J. : The physiological response to isopropyl ether and to a mixture of
isopropyl ether and gasolene. J. Indust. Hyg. & Toxicol., 21 : 72-96, 1939.

195. MARTIN, S. J., COMINOLE, B. AND CLARK, B. B. : Chronic oral administration of atabrine. J. Pharmacol. & Ex-

per. Therap., 65: 156-165, 1939.
196. MARTLAND, H. S. : Occupational tulnours. (6) Bones, International Labour Office: Occupation and Health,

Supplement. Geneva, October, 1939.
197. MATTHEWS, V. S., KIRKMAN, H. AND BACON, R. L. : Kidney damage in the golden hamster following chronic

administration of diethyl stilbestrol and sesame oil. Proc. Soc. Exper. Biol. & Med., 66: 195-196, 1947.

198. MAYNARD, E. A. : Toxicity testing of chemical additives. Food Technology, 6: 351-353, 1952.

199. MAYNARD, E. A., RANDALL, C., HODGE, H. C. AND SCOTT, J. K. : Effects of feeding uranium nitrate hexahydrate
in the diets of breeding white rats. J. Pharmacol. & Exper. Therap., 95: 421-428, 1949.

200. MEYER, A. R. : Influence of diet on intoxication with phenol and cyanide. Proc. Soc. Exper. Biol. & Med., 41:
402-404, 1939.

201. MOLITOR, H. AND RoBINsoN, H.: Some pharmacological and toxicological properties of sulfanilamide and ben-
zylsulfanilamide. J. Pharmacol. & Exper. Therap., 65: 405-423, 1939.

202. MORGAN, M. T.: Report on an outbreak of alleged ergot poisoning by rye bread in Manchester. S. Ryg., 29: 51-

61, 1929.

203. MoRals, H. J., NELSoN, A. A. AND CALVERY, H. 0.: Observations on the chronic toxicitie. of propylene glycol,

ethylene glycol, diethylene glycol, ethylene glycol moncethyl ether and diethylene glycol monoethyl ether.
J. Pharmacol. & Exper. Therap., 74: 266-273, 1942.

204. MORRIs, H. P.: Some nutritional factors influencing the origin and development of cancer. J. Nat. Cancer Inst.,
6: 1-17, 1945.

205. MORRIS, H. P., LAUG, E. P., MoRals, H. J. AND Gaa.srr, R. L.: The growth and reproduction of rats fed diet.

containing lead acetate and arsenic trioxide and the lead and arsenic content of newborn and suckling rate.

J. Pharmacol. & Exper. Therap., 64: 420-445, 1938.
206. MoxoN, A. L. AND RHIAN, 34.: Selenium poisoning. Physiol. Rev., 23: 305-337, 1943.

207. MYERS, H. B.: The effect of clu�onic morphine poisoning upon growth, the oestrous cycle and fertility of the

white rat. J. Pharmacol. & Exper. Therap., 41: 317-323, 1931.

208. MCCAY, C. M.: Effect of restricted feeding upon aging and chronic disease. in rate and dogs. Am. J. Pub. Health,

37: 521-528, 1947.

209. MCCAY, C. M.: Diet and aging. Vitamins and Hormones, 7: 147-170, 1949.
210. MCCAY, C. M., CROWELL, M. F. AND MAYNARD, L. A.: Effect of retarded growth upon the length of life span

and ultimate body size. J. Nutrition, 10: 63-79, 1935.

211. MCCLOSKY, W. T., SMITH, M. I. AND LILLIE, R. D.: Studies on pharmacological action and pathology of a-naph.

thyl-thiourea (ANTU); pharmacology. Pub. Health Rep., 60: 1101-1108, 1945.
212. MCGAUGHEY, C. A.: The Norway rat, The UFAW Handbook on the Care and Management of Laboratory Ani-

mals. Edited by A. N. Worden. Bailliere, London, 1949, pp. 110-137.

213. MCKINNEY, S. E., PECK, H. 34., BOCHEY, S. M., BYRAM, B. B., ScirncusiwT, G. S. AND BEYZE, K. H.: Benernid,

p-(di-n-propyl-eullanmyl)-benzoic acid: toxicologic properties. S. Pharmacol. & Exper. Therap., 102: 208-214,
1951.

214. NEAL, P. A., OETTINGEN, W. F. voN, DUNN, R. C. AND SHARPLESS, N. E.: Toxicity and potential dangers of

aerosols and residues from such aerosols containing three per cent DDT (second report). Supplement No. 183

to the Pub. Health Rep. 1945.



CHRONIC TOXICITY 239

215. NELsON, A. A., FITZHUOH, 0. G., MoRRIS, H. J. AND CALVERY, H. 0. : Neurofibromas of Rat ears produced

by prolonged feeding of crude ergot. Cancer Res., 2: 11-15, 1942.
216. NELsoN, A. A. AND LU5KY, L. 34. : Pathological changes in rabbits from repeated intravenous injections of penis-

ton (polyvinyl pyrrolidone) on Dextran. Proc. Soc. Exper. Biol. & Med., 76: 765-767, 1951.
217. NELSON, A. A. AND WOODARD, G. : Adrenal cortical atrophy and liver damage produced in dogs by feeding 2,2-

bis-(parachlorophenyl)-l, l-dichloroethane (DDD). Fed. Proc., 7: 276-277, 1948.
218. NELSON, A. A. AND WOODARD, G. : Severe adrenal cortical atrophy (cytotoxic) and hepatic damage produced

in dogs by feeding 2,2-bis(parachlorophenyl)-l, 1-dichloroethane (DDD or TDE). Arch. Path., 48: 387-394,

1949.
219. NELSON, J. W. AND LYSTER, S. C.: The toxicity of Inynlstyl.gamma-pecohniuln chloride. S. Am. Pharm. A.

(Scient. Ed), 35: 89-94, 1946.
220. NESHEIM, R. 0. AND JOHNSON, B. C. : Response of pigs to streptomycin. Proc. Soc. Exper. Biol. & Med., 75:

709, 1950.

221. Nu.soN, H. W. AND VIAGNER, J. A. : Feeding tests with some algin products. Proc. Soc. Exper. Biol. & Med.,

76: 630-635, 1951.

222. PARKER, V. H., BARNES, S. 34. AND DEN?, F. A. : Some oh�ervations on the toxic properties of 3,5-dinitro-ortho-

cresol. Bnit. S. Indust. Med., 8: 226-235, 1951.

223. PEARCE, G. W., MATTSON, A. W. AND HAYES, W. J., JR. : Examination of human fat for the presence of DDT.

Science, 116: 254-256, 1952.

224. PERDUE, A. S., BELL, FRANCES, STARNE5, W. R., HITCHCOCK, P. AND TEAGUE, R. S. : Acute and chronic toxicity
of Veratrum viride. J. Am. Pharm. A. (Scient. Ed.), 39: 91-94, 1950.

225. PFEIFFER, C. A. AND ALLEN, E. : Attempts to produce cancer in rhesus monkeys with carcinogenic hydrocarbons

and oestrogens. Cancer Re.., 8: 97-127, 1948.

226. PozzANI, U. C. AND CARPENTER, C. P. : Response of rodents to repeated inhalation of vapors of tetraethyl ortho-
silicate. Arch. Induat. Hyg., 4: 465-488, 1951.

227. PRINCI, F., CHURCH, F. AND MCGILVRAY, W. : An improved animal dusting apparatus. S. Indust. Hyg. & Toil-

col., 31: 106-112, 1949.
228. PRINCI, F. AND GEEvER, E. F. : Prolonged inhalation of cadmium. Arch. Indust. Hyg., 1: 651-661, 1950.

229. RADOMSKI, S. L. AND WOODARD, G. : A survey of the present status of red squill as a rodenticide. J. Am. Pharm.

A. (Scient. Ed.), 35: 289-295, 1946.
230. RAYCLIFFE, H. L. : Metazoan parasites of the rat. The Rat in Laboratory Investigation. 2nd Ed., Edited by

E. J. Fannie and J. Q. Griffith, Lippincott, Philadelphia, London, Montreal, 1949, p. 502-514.

231. RA�ccLIPFE, H. L. : Spontaneous diseases of laboratory rats. The Rat in Laboratory Investigation. 2nd Ed., Ed-
lIed by E. J. Farris and J. Q. Griffith, Lippincott, Philadelphia, London, Montreal, 1949, p. 515-530.

232. REINHARD, S. F. AND SCUD!, S. V. : Daily administration of massive oral doses of thonsylamine hydrochloride.
Proc. Soc. Exper. Biol. & Med., 74: 190-191, 1950.

233. RHIAN, M. AND MoxoN, A. L. : Chronic selenium poisoning in dogs and its prevention by arsenic. J. Pharmacol.

& Exper. Therap., 78: 249-284, 1943.
234. R0BBIN5, B. H. : Dinitrophenol cataract: production in an experimental annual. S. Pharmacol. & Exper. Therap.,

80: 264-271, 1944.
235. ROBERTsON, 0. H., LOOSLI, C. G., PUCK, T. T., BIGG, E. AND MILLER, B. F.: The protection of mice against

infection with air-borne influenza virus by means of propylene glycol vapor. Science, 94: 612-613, 1941.

236. ROBERTSON, 0. H, LoosLi, G. C., PUCK, T. T., WISE, H., LEMON, H. M. AND LESTER, W., Ja.: Tests for the

chronic toxicity of propylene glycol and triethylene glycol on monkeys and rats by vapor inhalation and oral

administration. J. Pharmacol. & Exper. Therap., 91: 52-76, 1947.

237. ROBERTSON, 0. H., PUCK, T. T., LEMON, H. F. AND LoosLI, C. G.: The lethal effect of triethylene glycol vapor
on air-borne bacteria and influenza virus. Science, 97: 142-144, 1943.

238. RoBINsoN, H. S. AND WAKSMAN, S. A.: Toxicity of actinomycin. J. Pharmacol. & Exper. Therap., 74: 25-32,

1942.

239. ROSEBURY, T.: Experimental Air-borne Infection. Williams & Wilkins Co., Baltimore, 1947.

240. ROWE, V. K., MCCOLLISTER, D. D., SPENCER, H. C., ADAMs, E. M. AND Iais�, D. D.: Vapour toxicity of tetra-

chloroethylene for laboratory animals and human subjects. Arch. Indust. Hyg., 5: 568-579,1952.

241. Rowz, V. K., SPENCER, H. C., ADAMS, E. 34. AND IRISH, D. D.: Response of laboratory animals to cellulose
glycolic acid and its sodium and aluminium salts. Food Res., 9: 175-182, 1944.

242. ROWE, V. K., SPENCER, H. C. AND BASS, S. L.: Toxicologic studies on certain commercial silicone.. II. Two

year dietary feeding of “DC Antifoam A” to rats. Arch. Indust. Hyg., 1: 539-544, 1950.
243. ROWE, V. K., SPENCER, H. C., MCCOLLISTER, D. B., H0LLraOSw0RTII, R. L. AND ADAMS, E. M.: Vapour tox-

icity of ethylene dibromide determined on experimental animals. Arch. Indust. Hyg., 6: 158-173, 1952.
244. RUSCH, H. P.: Extrinsic factors that influence carcinogenesis. Physiol. Rev., 24: 177-204, 1944.

245. RUsrn, H. P., BAITMANN, C. A., Miu.za, J. A. AND Kurei, R. E.: Research Conference on Cancer. American

Association for the Advancement of Science, Washington, D. C., 1945, p. 247.

246. Russzu�, F. C.: Diet in relation to reproduction and the viability of the young. I. Rats and other laboratory

animals. Commonwealth Bur. Animal Nutrition, Tech. Commun., No. 16, 1948,p. 99.
247. SAL0M0N, K. AND C0wGILL, G. R.: The possible toxicity of lead alloys. lU Experiments on the rat a lead-

tin-antimony solder. S. Indust. Hyg. & Toxicol., 26: 22-28, 1944.
248. SALOMON, K. AND Cowou�, G. R.: The possible toxicity of lead alloys. IV. Studies of the possible toxicity of

two-tin-low and one-tin-free substitute solders. S. Indust. Hyg. & Toxicol., 26: 162-168, 1944.



240 BARNES AND DENZ

249. SALTER, W. T. : Chemistry of Carcinogens. Occup. Med., 5: 441-465, 1948.

250. SAUBERLICH, H. E. AND BAUMANN, C. A. : Effect of dietary variations upon the toxicity of DDT to rats and
mice. Proc. Soc. Exper. Biol. & Med., 66: 542-645, 1947.

251. SAXTON, J. A., JR.: Nutrition and growth and their influence on longevity in rats. Biol. Symposia, 11: 177-196,

1945.

252. SCHNEIDER, H. A. : Nutrition and Resistance to Infection. The Strategic Situation. Vitamins and Hormones,

4: 35-70,1946.
253. SCHRENK, H. H. Interpretations of Permissible Limits in the breathing of toxic substances in air. Am. Indust.

Hyg. A. Quart., 8: 55-60, 1947.

254. SCHWEIGERT, B. S. , MCBRIDE, B. H. AND CARLSON, A. J. : Effect of feeding polyoxyethylene Inonostearates in
growth rate and gross pathology of weanling hamsters. Proc. Soc. Exper. Biol. & Med., 73: 427-432, 1950.

255. SCUDI, J. V., CORET, I. A. AND ANTOPOL, W. : Some pharmacological characteristics of bacitracin. III. Chronic

toxicity studies of commercial bacitracin in the dog and monkey. Proc. Soc. Exper. Biol. & Med., 66: 558-581,

1947.

256. SHEAR, M. J. AND LEITER, J. : Carcinogenesis. XVI. Production of subcutaneous tulnours in mice by miscel-

laneous polycyclic compounds. J. Nat. Cancer Inst., 2: 241-258, 1941.

257. SHERMAN, H., HARRIS, R. S. AND JETTER, W. W. : Effects of surface active agents when fed in the diet of hamsters.
Fed. Proc., 9: 370-371, 1950.

258. SaILS, M. E. AND GOLDWATER, L. J. : Nutritional factors affecting the toxicity of some aromatic hydrocarbons

wirh special reference to benzene and nitrobenzene compounds: a review. J. Indust. Hyg. & Toxicol., 31:

175-189,1949.
259. SILVER, M. L. : Intracellular fat deposits in the kidney. Science, 113: 43, 1951.

260. SKORYNA, S. C. AND WEBSTER, D. R. : Production of cirrhosis and liver tumours in male rats using high dosages

of 2-acetylaminofluorene. Proc. Soc. Exper. Biol. & Med., 78: 62-67, 1951.
261. SMITH, C. C. : A short term chronic toxicity test. S. Pharmacol. & Exper. Therap., 100: 408-420, 1950.

262. SMITH, M. I., ENGEL, E. W. AND STOHLMAN, E. F. : Further studies on the pharmacology of certain phenol maters

with special reference to the relation of chemical constitution and physiologic action. Nat. Inst. Health Bull.,

No. 160, 1932, p. 11.

263. SMITH, M. I., LILLIE, R. D. AND STOHLMAN, E. F. : The influence of dietary protein on the toxicity of sulfanil-

amide. Pub. Health Rep., 56: 24-29, 1941.

264. SMITH, M. I. AND WESYFALL, B. B. : Further field studies on the selenium problem in relation to public health.
Pub. Health Rep., 52: 1375-1384, 1937.

26,5. SMITH, P. K. : Prolonged administration of large doses of acetanilide in monkeys with special reference to blood
changes. J. Pharmacol. & Exper. Therap., 68: 1-13, 1940.

266. SMITH, W. E. : Lung cancer with special reference to experimental aspects. Arch. Indust. Hyg., 5: 209-217, 1952.

267. SMITH, W. E., SUNDERLAND, D. A. AND SUGIURA, K. : Experimental analyses of the carcinogenic activity of
certain petroleum products. Arch. Indust. Hyg., 4: 299-314, 1951.

268. SMYTH, H. F., CARPENTER, C. P. AND WElL, C. S. : Range finding toxicity data, list III. J. Indust. Hyg. & Toxi-
col., 31: 60-62, 1949.

269. SMYTH, H. F., SMYTH, H. F., JR., AND CARPENTER, C. P. : The chronic toxicity of carbon tetrachioride: animal

exposures and field studies. J. Indust. Hyg. & Toxicol., 18: 277-298, 1936.

270. SMYTH, H. F., JR., AND CARPENTER, C. P.: The place of the range finding test in the industrial toxicology lab-

oratory. J. Indust. Hyg. & Toxicol., 26: 269-273, 1944.

271. SMYTH, H. F., JR., AND CARPENTER, C. P.: Further experience with the range finding test in the industrial toxi-

cology laboratory. J. Indust. Hyg. & Toxicol., 30: 63-68, 1948.

272. SMYTH, H. F., Ja., CARPENTER, C. P., SCHAFFER, C. B., SEATON, J. AND FISCHER, L.: Some pharmacological
properties of polyethylene glycols of high molecular weight (“Carbowax” compounds). J. Indust. Hyg. &

Toxicoh, 24: 281-284, 1942.

273. SMYTH, H. F., JR., CARPENTER, C. P. AND SHAFFER, C. B.: The toxicity of high mnolecular weight polyethylene
glycols: chronic oral and parenteral administration. S. Am. Pharm. A. (Scient. Ed.), 36: 157-160, 1947.

274. SMYTH, H. F., JR., CARPENTER, C. P. AND WElL, C. S.: The chronic toxicity of hydroxyethyl cellulose for rats.
J. Am. Pharm. A. (Scient. Ed.), 36: 335-336, 1947.

275. SMYTH, H. F., JR., CARPENTER, C. P. AND WElL, C. S.: Range finding toxicity data: list IV. Arch. Indust. Hyg.,

4:119-122, 1951.

276. SMYTH, H. F., JR., SEATON, J. AND FISCHER, L.: Response of guinea pigs and rats to repeated inhalation of va-

pours of mesityl oxide and isophorene. J. Indust. Hyg. & Toxicol., 24: 46-SO, 1942.

277. SNELL, G. D.: Hybrids and history. The role of race and ethnic crossing in individual and national achieve-
ment. Quart. Rev. Biol., 26: 331-347, 1951.

278. SPENCER, H. C., IRISH, 1). D., ADAMS, E. 34. AND ROWE, V. K.: The response of laboratory animals to monomeric

styrene. J. Indust. Hyg. & Toxicol., 24: 295-301, 1942.

279. SPENCER, H. C., ROWE, V. K., ADAMS, E. M. AND IRISH, B. D.: Response of rats maintained on diets fumi-

gated with methyl bromide. Food Res., 9:11-18, 1944.
280. SPENCER, H. C., ROWE, V. K., ADAMS, E. M. AND IRIsH, D. D.: Toxicological studies on laboratory animals

of certain alkyl dinitrophenols used in agriculture. J. Indust. Hyg. & Toxicol. 30: 10-25, 1948.

281. SPENCER, H. C., ROWE, V. K., ADAMS, E. M., MCCOLLISTER, B. B. AND IRISH, D. B.: Vapour toxicity of eth-
ylene dichloride determined by experiments on laboratory animals. Arch. Indu.st. Hyg., 4: 482-493, 1951.



CHRONIC TOXICITY 241

282. SPENCER, H. C., ROWE, V. K. AND MCCOLLISTER, D. D. : Dehydroscetic acid (DHA). I. Acute and chronic
toxicity. S. Pharmacol. & Exper. Therap., 99: 57-68, 1950.

283. STERN, J. R. AND MCGINNIS, J. : Antibiotios and early growth of rats fed a soybean oil meal diet. Arch. Rio-

chem., 28: 364-370, 1950.
284. S’roCKARD, C. R. : The effect on the offspring intoxicating the male parent and the transmission of the defects to

subsequent generations. Am. Naturalist. 47: 631-682, 1913.

285. STOKINGER, H. E., SPRAGUE, G. F. III, HALL, R. H., ASHENBL’RG, N. S., Scorr, J. K. AND STEADMAN, L. T.:
Acute inhalation toxicity of beryllium. Arch. Indust. Hyg., 1 : 379-397, 1950.

286. STORTEBECKER, T. P. : Hormones and resistance, an acute antinarcotic and antitoxic effect of the estrogenic
hormones. Acts path. et microbiol. scandinav., 16: suppl. 41, 104-119, 1939.

287. STRONG, L. C. AND FIGGE, F. H. S. : Effects of diets containing abundance of milk, liver, riboflavin, and xan-
thine on methyicholanthrene carcinogenesis. Cancer Res., 6: 466-469, 1946.

288. STUBER, K. : GesundheitsschAdigungen bei der gewerblichen Verwendung des Triclilorathylens rind die Mog-

lichkeiten ihrer Verhtktung. Arch. Gewerbepath. u. Gewerbehyg., 2: 398-456, 1931.

289. SYIRBELY, J. L., DUNN, R. C. AND VON OEI-rINGEN, W. F. : Chronic toxicity of moderate concentrations of ben-

zene and its homologues for rats and dogs. S. Indust. Hyg. & Toxicol. , 26: 37-46, 1944.

290. TAINTER, M. L. : Growth, lifespan and food intake of white rats fed dinitrophenol throughout life. S. Pharmacol.

& Exper. Therap., 63: 51-57, 1938.
291. TANNENBAtTM, A. : Relationship of body weight to cancer incide-�ce. Arch. Path., 30: 509-517, 1940.

292. TANNENBAUM, A. : Effects of varying caloric intake upon tumour incidence and tumour growth. Ann. New

York Acad., Sc., 49: 5-18, 1947.

293. TAUBER, 0. E. AND HUGHES, A. B. : Effect of DDT ingestion on total chole terol content of ovaries of white
rat. Proc. Soc. Exper. Biol. & Med., 75: 420-422, 1950.

294. TELEKY, L.: Toxic limits. Indust. Med., 9: Indust. Hyg. Sect., 68-71, 1940.

295. THIENE5, C. H., LOMBARD, C. F., FIELDING, F. J., LESSER, A. J. AND ELLENHOSS, M. J. : Alterations in repro-

ductive functions of white rats associated with daily exposure to nicotine. S. Pharmacol. & Exper. Therap.,

87: 1-10, 1946.
296. THOMPSON, C. R. AND �%ERNER, H. W. : Chronic toxicity studies on Decapryn succinate (2-(alpha-(2-din�ethyl-

aminoethoxy)-alpha-methylbenzyl)-pyridine succinate). J. Am. Pharm. A. (Scient. Ed.), 37: 311-314, 1948.

297. TOLLENAAR, F. A., MOSSEL, B. A. A. AND VAN GENDEREN, H. Non-nutrient chemicals in food. Chem. & Ind.,

923-924, 1952.

298. TREON, J. F., SIGMON, H. E., WRIGHT, H., HEYROTH, F. F. AND KITZMILLER, K. V. : The toxic properties of
xylidene and monomethyl aniline. Arch. Indust. Hyg., 1 : 506-524, 1950.

299. VAN WINKLE, W., JR., HERWICK, H. P., CALVERY, H. 0. AND SMITH, A. : Laboratory and clinical appraisal of

new drugs. J.A.M.A., 126: 958-961, 1944.

300. VINSON, L. J. AND CERECEDO, L. R.: Growth, reproduction and lactation in rats maintained through four gen-

erations. Arch. Biochem., 3: 389-397, 1944.

301. VINTINNER, F. S.: Effect of aluminum dust on susceptibility to lobar pneumonia-animal experiments. Arch.

Indust. Hyg., 4: 217-220, 1951.

302. VINTINNER, F. S. AND BAETJER, ANNA M.: Effect of bituminous coal dust and smoke on the lungs-animal

experiments. Arch. Indust. Hyg., 4: 206-216, 1951.

303. VIVIN0, A. E. AND KOPPANYI, T.: The effect of continued oral adllministration of lauric and myristic acid ester

of colamino-formylmethylpyridinium chloride (Emuulsept) to tile albino rat. S. Am. Pharm. A. (Scient. Ed.),

35: 169-173, 1946.
304. %%AKIM, K. G., HARRIS, P. N. AND CriEs, K. K.: Tile effects of senecionine on the monkey. S. Pharmacol. &

Exper. Therap., 87: 38-41, 1946.
305. WElL, C. S., SMYTH, H. F. AND NALE, T. W.: Quest for a -suspected industrial carcinogen. Arch. Indust. Hyg.,

5: 535-547, 1952.

306. VIELCH, A. D.: Succinyl-sulfathiazole as an inhibitor of bacterial synthesis in nutrition experiments. Fed. Proc.,

1: 171, 1942.

307. VVELLS, L. S.: Growth. Ann. Rev. Physiol., 14: 31-50, 1952.

308. WEST, H. D. AND JEFFERSON, N. C.: Effect of aromatic hydrocarbons on the growth of young rats. S. Nutri-

tion, 23: 425-430, 1942.

309. WHITE, W. B.: The addition of chemicals to foods. Food, Drug, Cosmetic Law Quarterly, 2: 475-489, 1947.

310. WILENS, S. L. AND SPROUL, E. E.: Spontaneous eardio-vascular disease in the rat. I. Lesions of the heart. Am.

S. Path., 14: 177-199, 1938.

311. WILLIAMS, R. T.: Detoxication Mechanisms. The mlletabolism of drugs and allied organic compounds. Chapman

and Hall, London, 1947.

312. WILsoN, I. B. AND LAMER, V. K.: The retention of aerosol particles in the human respiratory tract as a function,

of particle radius. S. Indust. Hyg. & Toxicol., 30: 265-280, 1948.

313. WILsoN, R. H. AND DEEDS, F.: Importance of diet in studies of chronic toxicity. Arch. Indust. Hyg., 1: 73-80

1950.

314. Wou�, G.: Chemical Induction of Cancer. Cassell and Co., Ltd., London, 1952.

315. WOODARD, G. AND CALVERY, H. 0.: Acute and chronic toxicity; public health aspects. Indust. Med., 12: 55-59,

1943.



242 BARNES AND DENZ

316. WOODARD, G., NELSON, A. A. AND CALVERY, H. 0.: Acute and subacute toxicity of DDT (2,2-bis(p-chloro-

phenyl)-l, 1, l-trichloroethane) to laboratory animals. S. Pharmacoh & Exper. Therap., 82: 152-158, 1944.

317. WRIGHT, B. M.: A new dust-feed mechanism. S. Sci. Instrum., 27: 12-15, 1950.
317a. Wiuowr, B. M.: Personal communication.

318. Yaicr, W. P., ScHEENR, H. H., SAYERS, R. R., Hosivam, A. A. AND REINHART, W. H.: Urine sulphate deter-

minations as a measure of benzene exposure. S. Indust. Hyg. & Toxicol., 18: 69-88, 1936.
319. ZUCRER, T. F., Hs.xj�, L., YoUNG, M. AND ZUCKER, L.: The growth curve of the albino rat in relation to diet.

S. Nutrition, 22: 123-138, 1941.
320. ZUCEERMAN, S. AND oi’usisis: A discussion on the measurement of growth and form. Proc. Roy. Soc., London,

sB., 137: 433-523, 1950.




